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INTRODUCTION

This volume consists of a collection of prdgress reports by
the various Apollo Telescope Mount PI groups giving the status of
the ATM data analysis as pf the end of FY-75 (June 30, 1975).

The analysis of this data by these groups and others is
continuing under NASA sponsorship through the Space Sciences

Laboratory of the Marshall Space Flight Center.
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I. INTRODUCTION

This report.summarizes activities at the High Altitude
Observatory, Nat1ona] Center for Atmospheric Research under
Contract NAS5-3950, by the White Light Coronagraph Exper1ment
-team (S- 052) - It includes a aummarj of prOgross and sc1ent1f1c
results obta1ned since the comp]et1on of the Skylab mission
employing data from the white 1ight coronagraph observations on
Skylab. | -

_ It is well known that the Apollo Telescope Mount program was
an outstanding success in solar physics and that the results from
all the ATM experiments, both singly aﬁd taken in total, will
represent a significant impact on our current concepts and ideas
of physical'processes on the sun. In this brief report we summarize
activities concerning the reduction of data from the coronagraph
exPeh‘ment and some major scientific results that have already
been obtained or are in progress. Further, there is included a
Bib]iography of publications and presentations directly resulting

from the efforts of the High Altitude Observatory experiment team.



II. DATA REDUCTION

Substantial efforts have been expended since the completion of
the Skylab mission toward obtaining complete and accurate reduction
procedures for the results obtained by the coronagraph experiment.
These effects have basically culminated within the past month with
the completion of a detailed manual for the National Space Science
Daté Center (NSSDC), Greenbelt, Maryland, concerning the use and
reduction of experiment results. The manual and film copies of the
original data will be forwarded to the NSSDC in August 1975.

As a brief summary of the reduction efforts, we note thaf the
photometric calibration for both clear filter and polaroid filter
information has been completed and both systematic and random errors
in that calibration assessed. Further, the vignetting function of
the coronagraph has been specified over the instrument field of view
employing comparison photographs of the solar corona made by ground-
based instruments during the eclipse of 30 June 1973 and lunar .and
stellar images obtained with the orbiting coronagraph throughout the
Skylab mission. Next, the stray light in the coronagraph is currently
being mapped over the entire instrument field of view through the use
of obéervations of the contrast of lTunar surface features during the
eclipses of 30 June 1973 and 24-25 December 1973. Finally, extensive
analysis of the polarization parameters of the instrument, including
the polarization induced by the experiment itself, has been completed
and procedures affected for the reduction of the polarization of the

coronal light. Thus, in sum, with few minor exceptions, the procedures



and detailed analyses necessary for the reduction of all coronagraph
data have been completed and errors associated with this reduction

established.

ITI. TRANSIENT CORONAL ACTIVITY

The major importance_of transient coronal phenomena, unsuspected
prior to the Skylab mission, has compelled the S-052 team to -emphasize
analysis of the events in an attempt to understand the origin, nature
and effect of the events. A substantial fraction of the teams'
scientific efforts have been directed toward those Qoa]s.

Coronal transients are often characterized by major local in-
Jections of mass and energy into the outer corona from lower in the
solar atmosphere, but also, some apparently are rearrangements of
material in the corona. The frequenéy of the mass ejection events
during the Skylab mission was found to be considerably higher than
anticipated before the mission: a total of 66 large mass ejections
were detected during the 227 days of coronagraph operation and more
~ than 40 additional events of a more subtle nature were also observed.

Examination of several of the large mass ejection transients in
some detail (e.g., tﬁe'events of 10 June, 10 August, 21 August,

26-27 August and 7 September) has resulted in the following estimates
(even though there is a great deal of variability between events);
typically tne speed of the ejecta is approximately 500 km/sec, the

15 16

to 107" grams and the kinetic energy

mass ejected is in the range 10



is on the order of 1031 ergs. Clearly, these transient events
represent major local perturbations to the corona and the flow of
the solar wind.

The temporal and spatial distribution of more than one hundred
transient events observed during the Skylab mission has been examined.
When solar activity was not confined to one band of longitudes there
was no particular clustering of the cccurrence of coronal transients;
however, during rotations late in the mission, the occurrence of
coronal transients began to cluster more strongly in time. This
temporal clustering, of course, implies a spatial c]ustering; and
it was found that transients generally clustered about solar longi-
tude 200 degrees. This increased clustering corresponded in time
to the development of the active and quiet hemispheres discussed
earlier; the spatial clustering of transients was coincident with
the active longitudes.

The identification of transients with solar activity does not,
however, necessarily imply a correlation with solar flares. It has
been found that flares were not the prinicpal sources of transients
during the Skylab mission. In one study, 66 transients described as
large mass ejections were examined. Thirty of these transients were
associated with solar surface phenomena; the remaining 36 large
transients could not be so associated, but it is assumed that the
majority of these 36 transients originated on the backside of the

sun. Of the 30 transients with known associations, six were associated



with flares, 19 with eruptive prominences, three apparently with
infall-impact processes, and two with nearly simultaneous eruptive
prominence and f]ére:occurrences within the same active region. .
Significantly, if flares combined with eruptive prominences are
neglected, eruptive prominences produced nearly three-times as hany
coronal transients as did flares. _ | |

The size of a flare appears to be an important factor in deter-
mining whether or not the flare will cause a coronal transient. -
Because the coronagraph is most sensitive to coronal changes near
the plane of the sky, flares within 45 degrees of the 1imb, with
concurrent coronagraph observations, were examined for coronal
transients. Taking the Ha importance as a measure of the flare
activity, it was found that each (of 5) Impbrtance 2 or 3 flare within
45 degrees of the 1imb produced a coronal transient; however, only
18 percent (3 or 17).of Importance 1 flares within 10 degrees of the
solar 1imb produced transients, and no transients were caused by
(29) Importance 1 flares occurring further than 20 degrees from the
limb. The same strong correlation was found when the x-ray flux
from the flaring region was used as a measure of the flare's imbor-
tance. In addition to the association of energetic flares with
transients, there was a stroﬁg correlation between coronal transients
and Ha material ejected from a flare. In fact, every flare within
45 degrees >f the 1imb which produced a coronal transient also had
a Ha mass ejection.

In sum, flares produced only a small fraction of the mass ejec-

tions in the corona during the Skylab mission. While the more
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energetic flares had a higher probability of causing coronal transients,
disturbances in the corona above 2 Re associated with flares seem to be
directly correlated with the ejection of material frdm the flare site.
Are there signatures of these transient events in the inter-
planetary medium? The answer to this question is, and will prove tb
be, elusive since a) the coronagraph is biased toward events occurring
near the solar 1limb, b) there are relatively few spacecraft transit-
ing the interplanetary medium that are favorably situated for the
detection of solar limb events, and c) those spacecraft do not regularly
transmit data over extended periods. In the case of one coronal
transient associated with a major flare on tHe sun on 7 September 1973,
a strong shock wave was observed near 1 AU by.the Pioneer 9 spaceéraft
44 hours after the flare. For this event it was found that coronal
energy and mass estimates based upon coronagraph observations were in
close agreement with estimates based upon interplanetary spacecraft-
observations. However, this transient appears exceptionally energetic
and massive as compared with other transient events during the mission
and the solar wind disturbance at 1 AU was also unusually large. A
search for interplanetary disturbances correlated with more typical
coronal events has thus far proven unsuccessful; however, a clue to
the type of disturbance which might be expected at 1 AU may be found
in work concerning another coronal transient event - that of 14-15
September 1973. This event was one of few observed simultaneously
with the metric radio wavelength spectroheliograph of the Commonwealth

Scientific and Industrial Research Organization (CSIRO) and with the



white 1ight coronagraph. A metric radio burst associated with this
evenf has been examined; under the assumptions that the radia'énission
was gyro-synchrotron radiation or plasma emission, the magnetic field
strength during the transient event was defermined. For the first
time, then, the relative importances of magnetic, kinetic, and thermal
energy densities in a transient event could be made. It was found
that, in contrast to the normal solar wind expansion, the maghetic
and kinetic energy densifies in this transient event were roughly
equivalent and greatly exceeded the thermal energy density. This
result suggests that it may be fruitful, within the constraints
imposed by the limited data coverage, to examine available inter-
planetary records for correlations between transient coronal activity
and anomalously strong magnetic field perturbations and/or ordéred
field configurations. This work, utilizing IMP 6, 7 ahd Pioneer 10
results recently feceived, is just beginning.

Events of 21 August and 26-27 August are relevant to the study
of the origin of the characteristic.white light loops seen so fre-
quently by the coronagraph, particularly when the events are examined
with concomitant Ho and He II observations from the ground and Skylab.
For egamp1e, a polarization analysis of the loop part of the event of
21 August indicates that the radiance ié due entirely to electron
scattering from material at the solar limb and that this materfa] is
hot and of coronal origin. A small bright area, which is cospatial
with a He II A304 eruptive prominence observed by the Naval Research

Laboratory on Skylab, was also analyzed using polarization data. This
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area had a much lower level of polarization which is interpreted as’
being due to a 50 percent Ha emission from an area in the corona of

8 electrons/cm3 at 1.8 Re) and cool temperature

high density (2 x 10
(20,000 K > T > 5000 K). The time sequence of Ha, He II, and coronal
white 1ight show that: the prominence was first cool and began to
erupt; as the eruption progressed, magnetic field lines above the
prominence expanded into the corona carrying material with them
giving rise to the loop transient in the outer corona; during later
phases of the eruption the prominence began heating as evidenced by a
reduction in Ho emission and an increase in He II emission. The

prominence finally dissipated in'rep1acing the coronal material

carried out at the expanding loops.
IV. LONG-TERM VARIATIONS AHD CORONAL STRUCTURES

One of the principal pre-mission motivations for the flight of the
Skylab coronagraph was the detailed investigation of the nature of
long-term variations, i.e., investigations of the nature of the evolu-
tion of the overall magnetic field of the sun. The regular synoptic
observations of the coronagraph have permitted the identifications of
several long-lived solar features - features whose appearance is
similar over repeated 1imb passages. The identification of such
long-lived stable structures is of importance, for if the shape of
the coronal streamer is indicative of the streamers' magnetic field

configuration, these streamers will be suitable to test the validity

11



of outer coronal magnetic field computations, because the computations
assume the photospheric roots of the field remain unchanged from one
1imb passagu to the next. Preliminary examination of the results of
both combutation and observation do not yield compelling evidence for

a stable computed magnetic structure which might be associated with

observed streamers. Clearly, this area will be the subject of in-
tensive future efforts.

A stable structure - observed during six 1imb passages from
June - August 1973 is currently under investigation. The streamer,
at latitude 20 degrees and an approximate longitude 210 degrees, has
an apparent association with McMath region 379/424/475. Temporal
variations in the structure, the measured intensity of the streamér
during several 1limb passages, and the variation in this measured
intensity are all currently under investigation.

Another important example of long-term variations in the coroné
currently under study is that concerned with the response of the
outer solar corona to the dimunition of surface activity over a
hemisphere of the sun. During the Skylab mission period, one hemis-
phere suffered a substantial dimunition in solar activity -- as
measured by a) the Ca K intensity-area product; b) the mean Zlrich
sunspof number averaged over the hemisphere; and c) the total photo-
spheric magnetic flux. Preliminary examination of the outer coronal
configuration present above this hemisphere indicates that coronal
features became restricted in latitude as activity decreased, and'the

appearance of the corona late in the mission over the quiet hemisphere

12



became quite similar to past descriptions of the solar minimum corona
(i.e., the dominant forms in the corona were extended equatorial
streamers). This particular form of the corona is similar to that
previously computed for a mégnetohydrodynamic model of the coronal
flow employing a dipolar magnetic field. It suggests therefore that
the magnetic field over the quiet hemisphere approximates a weak di-
polar field. The study of this particular example of the evolution
of coronal forms will, we anticipate, shed 1ight on the formation and
nature of the outer coronal magnetic field which exists at the time

of solar minimum activity.
V. LIBRATION CLOUDS

An attempt to determine the radiance of forward scattered sun-
light from particles in lunar libration regions was made with the
coronagraph on Skylab. It was found that the libration regions
could not be distinguished against the solar K + F coronal back-
ground; thus an upper limit to the libration cloud radiance was found
o~ 11

Be’ where B0 is the mean radiance of the solar disk.

Then, employing a model of the particle composition and size distribu-

to be 2.5 x 1

tion for material which has been proposed for the interplanetary medium,
upper limits for the density enhancements in the 1libration region from
the upper 1imit of the forward scattered radiance measured were deter-
mined. In a similar manner, the actual space density enhancement was
calculated using earlier observations of backscattered radiance from

2 3

the 1ibration region. Enhancements of a factor of 10° - 10° were thus

13



determined; the actual value, depending upon material composition and
the size distribution employed in the calculation. From the combined
forward and'back scattered observations, it was possible to eliminate
from consideration libration clouds whose power law particle size dis-
tribution exponent K is 2.5 and complex index of réfraction M is
1.33-0.051 and 1.50-0.05i (i.e., absofbing.ice and quartz particles,
respectively). With the rémaining candidate models for libration
clouds it is possible tb calculate the radiance contrast with respect
to the K and F coronal background. It is found that this calculation
leads to a maximum in the vicinity of solar elongation angle approxi-
mately 30 degrees.

The study resulted in a thorough assessment of systematic
.variations which may be present in the observed radiance in the back-
ground K + F coronal components, at least during several times during
the mission. It was found that no systematic temporal variations
were present to within 2.5 - 3.0 percent for the two times of 1ibration
cloud observations. This detection limit is on the order of a factor
of ten smaller than the scattered light in the instrument and a factor
of 40 less than the background F-coronal radiance. It is a conserva-
tive upper limit since the difference between the mean radiance
derived from all photographs at'the time of libration cloud passage
and the hean radiance of all comparison pictures was less than one
percent.

These studies were carried out in collaboration with A. Hopfield
of the Princeton Day School, Princeton, New Jersey, one of the Skylab

Student Science competition winners.
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VI. SEARCH FOR INTRA-MERCURIAL OBJECTS

. The search for intra-Mercurial objects was performed by visually
- scanning copies of the white light coronagraph film data. From the
results of this search it is concluded that objects of sixth magni-
tude or brighter, orBiting inside the orbit of Mercury, did not pass
through the white light coronagrabh field of view during the search
periods. '

It is also inferred that previously unknown comets or asteroids,
brighter than sixth magnitude, except Comet Kohoufek, were not present
in the apparent vicinity of the sun during the times covered in this
search. The images of such objects w&u]d have been observable, but
were not found, during the scanning of the photographs. Although
this search, 1ike others, has produced a negative result, it adds to
the information concerning objects orbiting.within Mercury's orbit.
Further invesfigations deaTing with such objects are necessary to
achieve a definitive conclusion on the problematical existence of
intra-Mercurial objects.

These studies were.carried out in collaboration with D. Bochsler
of Silverton Union High School, Silverton, Oregon, one of the Skylab

Student Science competition winners.
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VII. COMET KOHOUTEK

As is well known, the coronagraph obtained over 1500 photographs
of Comet Kohoutek during its period of minimum elongation passage
to the sun and at times requiring off-pointing of the ATM cannister
from the sun. These observations provide an opportun%ty to determine
the radiance of fhe comét at a point in its evolution normally un-
observable and permit examination of characteristics of the dust
tail, again at normally unobservable periods of the comét's histbry.
Examination of the coronagraph results towards these goals are being
carried out in collaboration with U. Keller (Max-Planck, Minich). It
is to be anticipated that photometfy of the comet will be complete
within the next several months and preliminary results concerning the
orientation of both the dust tail and the well known sunward spike

will be completed in the near future.

16



VIII. BIBLIOGRAPHY

Gosling, J. T., E. Hildner, R. M. MacQueen, R. H. Munro, A. I. Poland,
and C. L. Ross, 1974: Mass Ejections From the Sun: A View Frbm
Skylab, J. Geophys. Res., 79, 4581.

Gosling, J. T., E. Hildner, R. M. MacQueen, R. H. Muntd, A. I. Po]and,
and C. L. Ross, 1975: Direct Observations of a Flare Related
Coronal and Solar Wind Disturbance, Solar Phys., 40, 439.

Gosling, J. T., 1975: Large-Scale Inhomogeneities in the Solar ﬂind
of Solar Origin, Rev. Geophys. & Space Phys., 13.

Gosling, J. T., A. J. Hundhausen, and S. J. Bame: 1975: Solar Wind
Stream Evolution at Large-Heliocentric Distances: Experimental
Demonstration and the Test of a Model, J. Geophys. Res. (submitted).

" Hildner, E., J. T. Gosling, R. M. MacQueen, R. H. Munro, A. I. Poland,
and C. L. Ross, 1975: The Large Coronal Transient of 10 June
1973: I. Observational Description, Solar Phys. (in press).

Hundhausen, A. J. and J. T. Gosling, 1975: Solar Wind Structure at
Large Heliocentric Distances: An Interpretation of Pioneer 10

Observations, J. Geophys. Res. (in press).

MacQueen, R. M., 1974: Skylab: A Progress Report, IAU - Coronal

Disturbances, ed. Gordon Newkirk, Jr., 489.

MacQueen, R. M., J. T. €Gosling, E. Hildner, R. H. Munro, A. I. Poland,
and C. L. Ross, 1974: The High Altitude Observatory White Light

Coronagraph Experiment, IAU - Coronal Disturbances, ed. Gordon

Newkirk, Jr., 505.

17



MacQueen, R. M., J. A. Eddy, J. T. Gosling, E. Hildner, R. H. Munro,

G. A. Newkirk, Jr., A, I. Poland, and C. L. Ross, 1974: The
Outgr Solar Corona as Observed From Skylab: Preliminary Results,
Astrophys. J. Letters, 187, L85.

MacQueen, R. M., J; T. Gosling, E. Hildner, R. H. Munro, A. I. Poland,
and C. L. Ross, 1974: The High Altitude Observatory White Light
Coronagraph, Proceedings on Instrumentation in Astronomy,'gg, 207.

MacQueen, R. M., J. T. Gosling, E. Hildner, R. H. Munro, A. I. Poland,
and C. L. Ross, 1975: Initial Results From the High Altitude
Observatory White Light Cbronagraph on Skylab - A Progress Report,
Proc. Royal Soc. of London (in press). _

Munro, R. H., J. T. Gosling, E. Hildner, R. M. MacQueen, A. I. Poland,
and C. L. Ross, 1974: Observations qf Flare Associated Coronal
Dynamics Above 2 Re’ Manuscripts presented at the Conference on
Flare Related Magnetic Field Dynamics, Boulder, Colorado, 23-25
September 1974.

Munro, R. H., J. T. Gosling, E. Hildner, R. M. MacQueen, A. I. Poland,
C. L. Ross and Alison Hopfield, 1975: A Search for Forward
Scattering of Sunlight From Lunar Libration Clouds, Planet. Space

Sci., (in press).

18



S052 PRESENTATIONS
"Skylab: A Progress Report”, R. M. MacQuéen, invited paper IAU Symposium
"No. 57, Surfers Paradise, Australia, 10 September 1973.

Colloquium, Co]orgdo Staté_University, A. I.-Polaﬁd, Fort Co]iins,
Colorado, October 1973. | _

" "The Outer Solar Corona as Observed From Skylab", A. I. Poland, invited

- paper at American Astronomica] Society, Tucson, Arizona, 2-6
December 1973. '

"Preliminary Results: White Light Céronagraph", E. Hildner and R. H.
Munro, invited paper at American Astronomical Society, Honolulu,
Hawaii, 9 January 1974, |

“Coronal Holes", Panel discussion of Americqn Astronomical Society
Members, R. H. Munro, Honolulu, Hawaii, 9 January 1974.

Colloquium, Universfty of California, J. T. Gosling, Los Angeles,

California, 5 February 1974.

"White Lighf Coronagraph: Instrument and Observations”, R. H. Munro,
invited talk at Rocky Mountain Division of Obticél Society, Boulder,
Colorado, 21 February 1974.

"The High Altitude Observatory White Light Coronagraph Experiment on
Skylab", R. M. MacQueen, invitad paper at Society of Photographic
and Instrumentation Engineers, Tucson,. Arizona, 5 March 1974.

Colloquium, Sacrzmento Peak Observatory, R. M. MacQueen, Sunspot, New

Mexico, 6 March 1974,

19



"The Eruptive Prominence of August 21, 1973 Observed from Skylab in the
White Light Corona and in the He II 304 R Chromosphere", A. I.
Poland, J. D. Bohlin, G. é. Bruckner, J. D. Purcell, V. E. Scherrer,
N. R. Sheeley, and R. Tousey, invitéd paper of American Astronomical
Society, Lincoln, Nebraska, 26-29 March 1974. -

*"Direct Observations of Magnetic Bottles", J. T. Gosling, invited paper
at Asilomar Solar Wiﬁd Conference, Monterey, California, 26 March
1974, | h

"The Outer Corona as Observed From Skylab - An Overview", J. T. Gosling,
invited paper at American Geophysical Union, Washington, D.C., 8
April 1974.

"The Transient of 10 June 1974: 1I. 0bservations“, R. M. MacQueen,
American Geophysical Union, Washington, D.C., 8 April 1974.

“"The Coronal fransient of 10 June.  II. Dynamics”, E. Hildner, American
Geophysical Union, Waéhington,.u.c., 8 April 1974.

"Structure of a Polar Coronal Hole Above 2 R ", R. H. Munro, American
Geophysical Union, Washington, D.C., 8 April 1974.

Colloquium, Missouri Valley College, E. Hildner, Marshall, Missouri,

12 April 1974.

“"The White Light Coronagraph Experiment on Skylab", R. M. MacQueen,
invited paper, Optical Society of America, Washington, D.C., 22
April 1974.

Colloquium, Goddard Space Flight Center, R. M. MacQueen, Greenbelt,
Maryland, 24 April 1974. |

"Early Results from Skylab/ATM Coronagraph", E. Hildner, invited paper

at Santa Fe Meeting, Santa Fe, New Mexico, 29 May 1974.
20



Colloquium, Fraunhofer Institute, A. I. Poland, Freiburg, Germany,
11 June 1974.

"The Resporse of the Corona to Solar Transient Phenomena", J. T. Gosling,
Invited paper at Solar y-, X-, and EUV Radiation Symposium,
Buenos Aires, Argentina, 11 June 1974.

Colloquium, Observatoire de Geneve, A. I. Poland, Geneva, Switzerland,
13 June 1974.

Colloquium, Federal Institute of Technology, A. I. Poland, Zurich,
Switzerland, 17 June 1974.

“An Interplanetary Disturbance Associated with Directly Observed Qut-
ward Material Motions in the Solar Corona at 6 Re"’ J. T. Gosling,
STP/COSPAR, S3o Paulo, Brazil, 18 June 1974.

"The ATM White Light Coronagraph", R. M. MacQueen, Invited paper at
COSPAR, S3o Paulo, Brazil, 24 June 1974.

Colloquium, Observatoire de Paris, A. I. Poland, Paris, France,

24 June 1974.

Colloquium, Strassenburg Planetarium, J. T. Gosling, Rochester, New
York, 18 August 1974.

"The Solar Corona as Seen From Skylab", E. Hildner, AIAA-American
Geophysical Unién Conference on Scientific Experiments of Skylab,
30 October - 1 November 1974.

Seminar, Astro-Geophysics Department, University of Colorado, E. Hildner,
Boulder, Colorado, 25 November 1974.

"Solar Flares and Outer Coronal Disturbances", R. H. Munro, American

Geophysical Union, San Francisco, 12-17 December 1974.

21



"The Frequency and Heliographic Location of Coronal Transients During
the Skylab Mfssion“, E. Hildner, American Geophysical Union,
San Francisco, California, 12-17 Lecember 1974.

“A Search for Forward Scattering of Sunlight From the Lunar Libration
Clouds", C. L. Ross, American Geophysical Union, San Francisco,
California, 12-17 December 1974.

"White Light and Radio Studies of the Coronal Transient of 14-15
September 1973. I: Observations and Emission Mechanisms", G.
Dulk and J. T. Gosling, American Geophysical Union, San Francisco,
California, 12-17 December 1974.

"White Light and Radio Studies of the Coronal Transient of 14-15
September 1973. II: The Dynamics of the Event", R. M. MacQueen
and K. V. Sheridan, American Geophysical Union, San Francisco,
12-17 December 1974.

“Direct Observations of a Flare Related Coronal and Solar Wind Dis-
turbance", J. T. Gosling, American Geophysical Union, San
Francisco, California, 12-17 December 1974. _ _

"The Outer Solar Corona at Solar Minimum Activity - Coronagraph
Observations from the Apollo Te]eséope Mount of Skylab", R. M.
MacQueen, paper presented at Royal Society Discussion Meeting on

the Physics of the Solar Atmosphere, London, England, 14-15

January 1975
"The Effects of Flares Upon the Outer Solar Corona, R. H. Munro,

American Astronomical Society/Solar Physics Division Meeting,

Boulder, Colorado, 20-22 January 1975.

22



"White Light and Radio Studies of the.Coronal Transienf of 14-15
September 1973. I: Observations and Emission Mechanisms", R.
Robinson and R. M. MacQueen, Americzn Astronomical Society/Solar
Physics Division Meeting, Boulder, Colorado, 20-22 January 1975.

"White Light and Radio Studies of the Coronal Transient of 14-15
September 1973. II: The Dynamics of the Event", J. T. Gosling
and G.A. Dulk, American Astronomical Society/Solar Physics

Division Meeting, Boulder, Colorado, 20-22 January 1975.

"Observations of a Long Lived Coronal Streamer", A. I. Poland, American
Astronomical Society/Solar Physics Division Meeting, Boulder,
Colorado, 20-22 January 1975,
Colloquium, Sandia Laboratory, A. I. Poland, Alburquerque, New Mekico,
3b January 1975.
Colloquium, Los Alamos Scientific Laboratories, A. I. Poland, Los
Alamos, New Mexico, 30 Januéry 1975.
Colloquium, University of Maryland, J. T. Gosling, College Park, Maryland,
19 February 1975.
Colloquium, The Pennsylvania State University, A. I. Poland, State
College, Pa., 25 February 1975.
Colloquium, Los Alamos Scientific Laboratories, J. T. Gosling,
Los Alamos, New Mexico, 27 February 1975.

Colloquium, National Oceanic & Atmospheric Administration, E. Hildnar,
Boulder, Colorado, 4 March 1975,

Colloquium, University of California-Berkeley, Space Science Laboratory,
J. T. Gosling, 10 April 1975

Colloquium, Ohio State University, J. T. Gosling, Columbus, Ohio,

17 April 1975
23



Colloquium, University of I11inois, Urbana, I1linois, A._I. Poland,

22 April 1975.

Colloquium, Denver University, Denver, Colorado, J. T. Gosling,
23 April 1975.
Colloquium, University of Alabama in Huntsville, School of Science
and Engineering, Huntsville, Alabama, E. Hildner, 25 Abri] 1975.
Colloquium, Johnson Space Center, Houston, Texas , R. M. MacQueen,
1 May 1975.
Colloquium, Utah State University, Logan, Utah, E. Hildner, 7 May 1975.
Colloquium, University of Washington, Seattle, Washington, A. I. Poland,
21 May 1975.
Colloquium, University of Minnesota, Minneapolis, Minnesota, J. T.
Gosling, 28 May 1975.
"A Review of Skylab/ATM Observations and Analyses of Coronal Transients",
J. T. Gosling, invited paper at COSPAR Meeting, Varna, Bulgaria,
4 June 1975. '
"The Character and Temperature of a Coronal Transient I: The Event
of 26-27 August 1973", J. D. Bohlin, E. Hildner, R. T. Hansen,
(presented'by J. T. Gosling), COSPAR Meeting, Varna, Bulgaria,
4 June 1975. : '

"The Chafacter and Temperature of a Coronal Transient, II: 21 August

1973, R. H. Munro and A. I. Poland, COSPAR Meeting, Varna, Bulgaria,

4 June 1975.
“A Temporal Study of the Radiance of the F-corona Close to the Sun",

R. H. Munro, presented at IAU Colloquium #31, Heidelberg, Germany,

10 June 1975.
24



"A Séarch for Forward Scattering of Sunlight From the Lunar Libration
Clouds, C. L. Ross, presented at IAU Colloquium #31, Heidelberg,
Germany, 10 June 1975.

"Summary of the Solar Corona/Zodiacal Light From Apollo 15, 16, and
17", C. L. Ross, presented at IAU Colloquium #31, Heidelberg,

Germany, 10 June 1975.

25



SKYLAB APOLLO TELESCOPE MOUNT
S054 -

X-RAY SPECTROGRAPHIC TELESCOPE

American Science and Engineering, Iﬁc.
955 Massachusetts Avenue
Cambridge, Massachusetts

26



TABLE OF CONTENTS

1.0 Introduction . . . ¢ ¢« ¢ ¢« « o « « &
2.0 Data Reduction . . « . +. « ¢« ¢ « o .

2.1 Photographic Analysis . . . . .
2.2 Calibratiom . . . . . . . . . .
2.3 Image Digitization . . . . .
2.4 Digital Amalysis . . . . .

2.5 Interactive Display . . . . .

3.0 Scientific Analysis . . . . . .

3.1 Summary of Major Results . . .
(a) Flares . . . . + « ¢ ¢« « .
(b) Coronal Holes . . . . . . .
(c) Bright Points . . .
(d) Coronal Transients . .
(e) Loops Structures. . . .
(f) Temperature Measurements.
3.2 Collaborations.

4,0 References . . « « ¢« ¢« « « « « «

27



1.0 INTRODUCTION

This document is a Summary Report for the data analysis phase of
the AS &E S-054 experiment from the recovery of the data from the
first manned mission through 30 June, 1975. It is divided into two
sections; the first describes the procedures and facilities which
have been developed during the program for the analysis of the
flight data while the second summarizes the major results which

have been obtained so far.

2.0 DATA REDUCTION

The primary S-054 data are solar X-ray images recorded on photo-
graphic film (SO212). A typical example is shown as Figure 1. The
analysis of these images proceeds in two ways:

(1) wvisual inspection and interpretation to determine evo-
lutionary histories,' spatial distributions, structural
geometries and correlations with other observations.

(ii) quantitative analysis whose purpose is to determine
accurately the spatial variation of the emission from
the corona. From this determination, the physical
parameters of the plasma, i.e. temperature, density

and pressure, can be obtained.

The first task is accomplished using photographic techniques, i.e.
preparing prints and copies of the original negativeé, while the
second requires digitization of the images, followed by computer
processing. However, there is considerable interplay between

the two approaches. For instance, visual examination of the images
plays an important role in the selection of problems for numerical
analysis. Additionally, computer enhancement of the numerical
images and subsequent display on a TV monitor can reveal struc-

tures by improving their relative contrast.
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Figure 1. A representative X-ray image of the solar corona
. taken during SL2 showing the types of structures which we
observed.
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In the following sections brief descriptions of the data reduction

techniques are given.
2.1 Photographic Analysis

The objective of the photographic analysis effort is to prepare the
data in forms suitable for scientific study. Following the develop-
ment of the flight film at AS&E, the major effort in this area has
been in the preparation of second and third generation copy films,
prints, transparencies, ciné films and slides for scientific use.
The operation is constrained by the need for preservation of the
flight film.’

The primary form of presentation is called an "interneg" which is a
precléely enlarged positive trarsparency made directly from the
flight film. The initial program envisioned a production of 7400 -
internegs which would include selected frames from each group of

sun centered images. This goal has been over 91% completed.

The quick-look data are contact prints which are available as
either fourth generation positives, printed on paper, or as third
generation negatives suitable for projection. (A sample copy of
this level of reproduction has been sent to the NSSDC for their

approval for use in their archives.)

Interneg production is time consuming and it is impractical to
reproduce all flight frames by that method. Consequently, we have
developed a system for the production of second generation positive
transparencies called mini-internegs. They will differ from true
internegs only in the degree of enlargement. Their production will
be semi-automatic and a program to reproduce all the flight frames
will be implemented once the planned interneg production is com-

pleted.

Special data presentations are prepared and used extensively.

These include ciné films to display temporal variations and multiple
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image slides and prints. The latter are useful in compaﬁhg related

X-ray images or associated observations in other spectral regions.
2.2 Calibration

The S-054 coronal X~-ray photographs can be analyzed quantitatively
if the variation of the film response with incident energy over the
appropriate soft X-ray wavelength region is known. To provide these
data, a laboratory fiim calibration program using accurately meas-
ured fluxes of soft X-rays, having selected spectral characteristics

appropriate to simulate solar coronal radiation, has been performed.

The data are recorded in the form of characteristic curves of photo-
graphic density vs. incident energy (HD curves). Some 150 HD
curves have been produced so far, enabling quantitative calibration
of the film response as a function of wavelength, for each of the
five S-054 filmloads. The calibrations take into account the indi-
vidual environmental history of each filmload, as well as the vari-
ations in development chemistry associated with the processing of

each filmload.

The HD curves can be characterized by four parameters - the clear-
film density, the maximum density, the contrast (y), and the speed.
The behavior of these quantities as a function of wavelength, etc.,
has been measured, and an analytic model developed for interpo-

lating between measured points.

The film calibration program has proved quite successful; in most
cases we now are able to calculate the energy deposited on the film

with probable errors of less than 10%.
2.3 Image Digitization

Image digitization, or microdensitometry, is the starting point of
the digital analysis. It consists of scanning the flight film with a

narrow aperture (20 micron) photometer and recording the spatially
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resolved photographic density data on magnetic tépe.

Once the operator has manually aligned the film fiducial mark with

the optical axis of the microdensitometer, the scanning takes place
under computer control. This allows additional information such as
the aspect data to be incorporated so that all scans are performed

in a uniform manner.

It has not been considered either necessary or feasible to scan all
the X-ray images, and consequently images are scanned only on
request. Approximately nine hundred images have been processed

so far, representing approximately 20% of the eventual total.
2.4 Digital Analysis

The computer analysis system provides two major functions which
can be identified as bookkeeping and scientific analysis. Book-
keeping consists of maintaining and updating records for each data
frame. These records include experimental parameters such as the
filter position, length of exposure, time of occurrence of the
eS:posure and aspect information. These data were obtained from
the diode array which accompanies each X-ray image and from the
telemetry tapes. Processed image information is also recorded

which includes the microdensitometer scanning parameters and the

density to energy conversion. All the information is collected in
a set of catalogues which enables the relevant information for each

image to be accessed automatically.

Scientific analysis involves the manipulation of the scanned arrays.
A typical sequence of events would involve conversion from photo-
graphlé density to energy using the calibration data applicable to
the particular film magazine, co-alignment of two energy images
obtained from different filters, deconvolution to remove the effects

of the point spread function of the X-ray optics, contouring in
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energy, division of image arrays to obtain spectral hardness indices,
and finally recontouring to obtain the spatial variation of the tem-
perature. The system is continually being extended as new analyti-

cal tasks become relevant to the scientific analysis.
2.5 Interactive Display

For those problems where the scientist wishes to influence the
direction of the analysis closely, we have developed an Inter-

active Display System which can duplicate many of the functions of
the main data analysis system in real time. For example, a scientist
can display a scanned image on a TV monitor and, by varying the

range of the grey scale, enhance the features in which he is inter-

ested. He can further use the display to deconvolve the images,
produce contour maps or cross-sections, or make maps of the

gradient of the displayed parameter.

In addition to the visual display, the system can output the results
of its calculations to magnetic tape or produce hard copy grey scale
images or contour plots. The system has been particularly useful
in displaying the results of the 3-dimensional reconstruction pro-
gram. The reconstruction is obtained with a cross—correlation
technique which uses the rotation of the sun to provide different
perspective views of the object. Finally, the facility is also used
to test and debug the sclentific programs which are to be incor-

porated into the main data analysis system.

3.0 SCIENTIFIC ANALYSIS

The following summary is limited to brief descriptions of those areas
of the data which have been studied in detail up to this time.
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3.1 Summary of Major Results

(@) Flares. Before Skylab, X-ray photographs (Krieger et al., 1971)
and other techniques had indicated that active regions in the corona
consist of one or more tubular structures anchored in regions of
opposite magnetic polarity. Short bright structures of width less
than 3500 km were observed to bridge the regions of maximum gradient
in the longitudinal magnetic field. There is indication from the ATM
data that, in some cases, the brightest of these core loops are the
locations of flares (Petrasso et al., 1975). The results of this
analysis indicate that the initial phases of a flare-like brightening
in X-rays consists of the gradual brightening of a pre-existing loop
structure and the sudden onset of rapid energy release at a small,

restricted segment along the structure.

More generally, flare rises are seen to be characi:erized by the
presence of one or more small bright features, which we have named
Soft X-ray Kernels, with characteristic dlameters of a few arc seconds
(Kahler et al., 1975). Flare maximum and the decay phase are
typically c'haracteri.zed by loop-like or diffuse structures with sizes
ranging from those of kernels up to 60,000 km. The X-ray kernels '
represent a soft X-ray phenomenon characteristic of flare rise
which had not been detected in previous observations with detectors
of lesser resolution. They may be related to the H o and white

light kernels which have been reported previously (Rust and Hegwer,
1975). We hope the soft X-ray observations will clarify the

physical processes involved in the flare onset.

A detailed study of a flare on 9 August 1973, observed with the S-054
objective grating shows the existence of two distinct periods in the
decay phase (Silk et al., 1975). During the initial decay, imme-
diately after the peak of the X-ray flux, the distribution of emission

measure as a function of temperature is changing with the high
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temperature portion decreasing with respect to the cooler portion.
Within 1 - 2 minutes the distribution of emission measure becomes"
stable, although the total continues to decrease. Throughout the
decay, the size of the high temperature kemel and of the cooler
extended emitting region appear to be unchanged. The diminishing
emission measure therefore corresponds to a loss of material from

the flare, rather than expansion.

(b) Coronal Holes. The importance of coronal holes to the prob-
lem of mass balance in the corona was demonstrated before the ATM
mission by work of Krieger et al. (1973), who pointed out the
association between coronal holes and high speed streams in the
solar wind. ATM data (Krieger et al., 1974; Nolte et al., 1975)
have confirmed this association. Timothy et al. (1975) performed
an initial analysis of the S-054 data on coronal holes showing, among
other results, that coronal holes do not follow the conventional
patterns of differential rotation with latitude. Instead, they seem
to rotate almost rigidly. The large scale magnetic field pattern
represented by the hole appears to arise from a particular arrange-
ment of active region locations and from the evolution of the resul-

ting remnant fields.

Simultaneous with the S-054 observations, Harvey at KPNO obtained

spectroheliograms in the D, and 10830 g lines of helium. Surpri-

singly, comparison of the }?-ray and He observations showed that
coronal holes were visible in the chromospheric He lines. An
explanation of the visibility of coronal holes in these lines, such
as those proposed by Zirin (1975) or Harvey et al. (1975), may
contribute to understanding the processes of excitation and the

distribution of abundances throughout the solar atmosphere.

(c) Bright Points. X-ray bright points were first seen in X-ray
images obtained during a rocket flight in 1969 (Krieger et al., 1971).
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Golub e_’t_al. (1974) found, from a preliminary analysis

of the ATM data, that there were many more bright points than had
previously been expected. Approximately 1500 emerge per day over
the entire solar surface and their average lifetime is eight hours.
They are associated with bipolar magnetic regions having typical
fluxes of 1019 to 1020 Mx. Therefore, they carry as much magnetic
flux to the solar surface (at this phase of the solar cycle) as do the
active regions. Bright points were found to exhibit flaring behavior,
with an estimated 15 percent of the points (over 200/day) flaring at
some stage in their evolution. Unlike active regions, both bright
points and bright point flares are observed at all latitudes from the

equator to the poles.

A more recent study (Golub et al., 1975) has shown that the brig'ht
point distribution is not uniform. Rather, it shows systematic,
statistically significant irregularities. The data have been inter-
preted in terms of a two component distribution, with approximately
half of the bright points having uniform latitude and longitude dis-
tributions and the remainder confined mostly to + 30° in latitude and

showing a very strong longitude dependence.

(d) Coronal Transients. The Skylab observations have revealed a
new class of transient X-ray brightenings in the low corona, asso-
clated with Heo filament disappearances, or "disparitions brusques.
The time scale of the coronal events (3 - 40 hours) is considerably
longer than in the chromosphere and the brightest X-ray events
appear to be associated with the most rapid and complete filament
diséppeamnces. The initial X-ray brightening appears to be of the
same size and location as the region of space previously occupied
by the filament. The brightest events cause long-lived or perma-

nent changes in the surrounding coronal structure.

Another class of transient brightening in the low corona outside of
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active regions is associated with flares. Although there were very
few large flares during the Skylab period, the X-ray observations
have revealed many flare-associated events in which a large cloud
of material at coronal temperatures (~ two million degrees) appears
to be ejected from an active region simultaneously with an erupting
element or large surge. These clouds often fill a region on the
order of half a solar radius long. Beneath such a cloud, at the
footpoints of magnetic field lines stretching far from the active
region, are observed chains of transient, flare-like brightenings
in He. The propagation velocity of the clouds is ~ 100 km/sec.
After initial establishment of the coronal cloud at high velocity, a
slow expansion of the whole structure occurs at about 10 km/sec

in the several cases studied.

(e) Loop Structures. The X-ray photographs show numerous coronal

loop structures (Chase et al., 1975). Temperature and emission
measure of the loops were calculated from film density measurements
of the photographs and, under the assumption that the depth of
emission is the same as the visible loop width, the absolute par-
ticle densities within the loops can be calculated. Typical loop
temperatures range from 1.9 to 2.6 million degrees and the densi-

ties range from 109 to 2 x 109 electrons/cm3.

Lifetimes of loops interconnecting separate active regions were
studied. The results are complicated by the fact that loops are
visible for only about 10 days out of the 27 day solar rotation
period; however, the results show a wide range of lifetimes from

one day to 50 days or more with a mean lifetime of about 10 days.

It has been found that loops interconnecting separate active regions
tend to occur at the same active solar longitude for several solar
rotations. Transequatorial loops at these active longitudes have

been observed, confirming the fact established by Bumba and
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Howard (1965) that "complexes of activity" extend across the
equator during their development. While the existence of loop
interconnections between close active regions appears to be almost
a general rule, there are a few clear cases when even small dis-
tances are not bridged. The laréest distance betw_een two active
regions bridged by an interconnecting loop that we could clearly

see in the X-ray pictures was 37 heliographic degrees.

(f) Temperature Measurements. Temperature measurements can be

made from the comparison of the energy transmitted by different
filters. However, the calculations are involved and it is necessary
to know fhe solar spectrum, the energy response of the film and
various instrumental parameters. To check the validity of these
calculations comparisons with spectroscopic data obtained from
rocket flights during the Skylab mission have been made. The
résults have demonstrated good agreement between the two tech-
niques (Davis et al., 1975) and have increased the confidence in
‘the S-054 temperature measurements for times when no spectro-

scopic data are available.
3.2 Collaborations

In addition to the studies performed by AS &E scientists indepen-~
dently and with ATM investigators, it has been our policy to invite
scientists from related disciplines to collaborate in the analysis of
the data. Collaborations have been undertaken both with scientists
who have observations which complement the S-054 data and wil;h
theoreticians whose primary goal is the description of the physics

of coronal processes.

The primary areas of study have been .
(i) the relation of the variation of the solar wind to the

large scale coronal structures
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(i1) observations of coronal holes in visible light wave-
lengths

(iii) the relation of the structures of active regions to the
photospheric magnetic field

(iv) evolutionary histories of flares as seen in the X-ray
images and with satellite born detectors

(v) comparison of the spatial location of the emitting
regions in radio and X-ray wavebands and deter-
mination of the fraction of the radio flux arising
from thermal bremsstrahlung

(vi) theoretical modeling of the heating of the corona
above active regions

(vil) the stability of coronal loop structures

(viii) comparison of X-ray spectroscopic data with the
S5-054 images

(ix) comparison of large scale magnetic field patterns
with coronal structures

(x) transient brightenings as seen in XUV and X-rays.
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Foreword

This report from the Center for Astrophysics is intended to
provide a summary of the data reduction and analysis and the interxr-
pretation of the results of the S-054 X-ray Telescope Experiment on
Skylab.

The S-054 experiment is a joint effoit between the Principal
Investigator and his staff at the Center for Astrophysics and the Co-
principﬁl Investigator and his staff at American Science and Engineering.
Since the overall effort on the data analysis and interpretation is
conducted with the AS&E team, this report should be read in combination
with the AS&E summary report.

All technical and scientific work between the two éroups is
closely coordinated, and the data reduction facilities at AS&E are at
the complete disposal of our staff as defined in AS&E's contractual
agreements with NASA.

This report is presented in seven parts. Part 1.0 is an intro-
duction which briefly describes the experiment and the nature of the
data. Part 2.0 is a report of the status of the primary and reduced
data. Part 3.0 is a description.of the techniques that we are using to
analyze the data. Part 4.0 is a summary review of the scientific results
obtained so far and a brief statement as to their relevance to current
solar physics problems. Parﬁ 5.0 is a complete list of publications
and presentations associated with the data analysis effort. Part 6.0 is

a list of the scientific personnel involved in supporting the $-054

effort at the Center for Astrophysics.
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A comprehensive list of on-going projects will be presented in
the next report.

The S-054 effort has been supported at the Center for Astrophysics
by NASA Contract NAS8-31017 with SAO from July 1, 1974 to December.31,
1974 and by NAS8-31374 with HCO from January 1, 1975.

A copy of this report has been submitted to the NSSDC as a guide

for s-054 data users.
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1.0 Introduction

The S-054 X-ray telescope on Skylab was a grazing incidence
instrument, with an on-axis spatial resolution of the order of
two arc seconds; the observed spectral rénge was 2 - 60 X.
Spectrographic data could be obtained in both low and high-
resolution modes; low resolution spectral information was obtained
by means of inserting one of six different filters into the optical
path while higher resolution data could bé recorded via thé insertion
of an objective grating. The latter mode was employed to obtain
spectra of prominent bright X-ray séurces, such as flare events.
(See 1, 7, 15, 45 for further descriptions of the inst;ument.)

The eight-month long mission produced more than 32,000 images
which ranged from 1/64 to 256 seconds in exposure length; the data
are presently being reduced, analyzed and interpreted by a team at
the Center for Astrophysics and at AS&E. The data reduction involves
both the routine production of high-quality photographs and digitiza-
tion of images into energy flux arrays; the analysis and interpretation
involve the study of a number of carefully chosen topics, in particular
morphological and quantitative analysis of selected coronal features,
and the interpretation and comparison of the results in terms of either

existing or developed theoretical models.
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2.0 Status of Data

The primary data from the S~054 experiment consist of rolls of
photographic film containing the X-ray images. This special un-
supercoated, 70 mm Kodak S0-212 film was processed soon after each
roli was returned from orbit, with special care taken toward
removing the antistatic backing, transporting the film in the pro-
cessing machinery, and controlling the uniformity of the development
process. This was accomplished using specially designed equipment
installed in the AS&E photographic labor;tory.

The original film, consisting of five magazine loads (length
about 1400 feet) with nearly 7000 frames apiece, and the calibration
sensistrips are stored in a fireproof safe in a 1imit;d access area.
They may be removed_only by persons authorized by the Principal
Investigator or Co-Principal Investigator and must be attended at all
times and kept within designated areas when not in the safe. Approved
activities involving the original film are limited to visual examina-
tion at a clean bench, microdensitometer scanning, numbering at a
clean bench, copying on the contact printer, and enlarging on the
Carlson precision enlarger.

The 70 mm film frame format contains, in addition to the X-ray
image, a white light imagé, fiducial marks, and information on the
time at the end of the exposure, the shutter duration time, the binary
picture count, and the grating and filter configquration. Each frame
has been numbered for identification and an entry made using this
number in one of several computerized catalogs. This catalog now
contains all the above information for each frame as well as the aspect
information from the final IBM data tapes.
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Other original data include photomultiplier and image intensifier
count rates. These have been computer plofted from magnetic tape for
the entire Skylab period, for such uses as temporal flare location.

From the original X-ray images one proceeds in two directions.
These are photographic copying for morphological analysis and digitiza-'
tion of the images for quantitative analysis. Both are discussed in
detail in Section 3. Here they will be only referred to in connection
with the current status of the more systematically pursued aspects.

The 3N (third generation negative) copies in 70 mm roll format, for
initial examination and selection of frames, have been.broduced for each
magazine. Also internegs (enlarged 2P copies) for a large portion of
the most useful exposures have been produced (seé Figures la, b, c).

A large amount of other photographic material (transparencies, enlarged
prints, slides, movies, etc.) has been produced.as reguested by the
individual investigators.

Image digitization by means of microdensitometer scans of the
original film has been performed for about 900 frames. Selection has
been tailored to the needs of individual studies to date. To utilize
thése data, a variety of computer programs that are easily accessible to
the investigator has been installed in the ASSE computer system. These
include cataloging calibration, array manipulation, array display, de-
convolution, and other programs for each phase of the data conversion
and study. This system is nearly coﬁplete, although new applications
are added when found useful, and is being utilized by various investi-
gators. A small, dedicated computer with an associated television display
and hard copy device is also presently available for use, with its system

of programs nearly completed.
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3.0 Data Reduction and Analysis

Two kinds of information are obtained from the X-ray images.
These are qualitative descfiptions of the images which related to
the morphology and evolution of structures present in the corona,
and quantitative results which provide numerical values for the
physical parameters of the coronal plasma, such as temperatures
and electron densities. A brief description of these morphological

and quantitative analysis methods is given below.

3.1 Morphological Analysis

Visual inspection of X-ray images provides information on the
three-dimensional structures present in the solar coropa. The life-
times of various features can be examined ana their evolution
described qualitatively as they cross the solar disc. The outline of
flaie structures can be determined and their evolution throughout the
flare rise, flare fall, and post-flare phases can be determined.

Characteristic dimensions can also be obtained from the images.
It is of considerable interest to know the range of sizes of X-ray
active regions, coronal flux tubes, and structures associated with
filaments and prominences.

Comparisons can also be made with other solar data. The X-ray
features can be compared with ground-based magnetograms HG, Ca K, etc.
and with other space observations, such as the Skylab xuv, UV, and
white light coronal data obtained simultaneously with the X-ray data.

In order to provide the photographic medium best suited for a

particular scientific investigation, an extensive photographic facility
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was developed at AS&E under the S-054 program. .Five major forms of
photographic presentation are currently produced for these investi-
gations. They are:

a. Contact reflection prints. The purposes of the reflection
prints, high-quality "proof prints", are to give a subjective repre-
sentation of the information content of the qriginal images and to
provide a "quick ;ook“ at the data for the selection ;f images for
further photographic presentation.

b. Magnified.(Sx) images on transparent intermediate negative
("Interheg“) £ilm stock with an information content comparable to
that of the original film. These enlarged 2P's (second generation,
positive image) are used for detailed morphological studies.

c. Wide dynamic range, unity magnification, fil% copies. These
are used with an optical viewer for evaluation of time variations, the
lifetimes at wvarious features, and for the detection of new coronal
phenomena.

d. High-quality reflection prints (5x) produced from "Internegs".
These presentations, because of the limitations of photographic paper,
have a smaller dynamic range than presentations (b) and (c). Howeyer,
the exposure and contrast may be selected to display a feature of interest
in an optimum manner.

e; Motion picture films. These are used to illustrate the evolution
of features or events, short-term structural changes, etc.

In addition a variety of special purpose presentations is produced
as needed and as requested by the scientist. Figure 2 illustrates one
type of presentation available. It is a sequence of images separated in

‘time by a quarter of a solar rotation. It represents a synoptic view of
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the sun for the first five solar rotations of the Skylab mission.
Pioceeding down the first column, one can follow the evolution of
“the first coronal hole observed by Skylab. The long-term evolution
of active regions can also be followed. In general, this type of
presentation gives an overview of the appearance of the X-ray sun over
an extended time period.

Figures 3 and 4 illustrate other types of photographic presenta-
tion used in morphological studies. They depict the development of
an active region and its relationship to the photospheric magnetic

field.

3.2 Quantitative Data Reduction and Analysis

The methods by which coronal plasma parameters, such as electron
temperature and density as a function of position, are determined from
the X-ray images will be discussed in this section. The discussion has
been simplified in order to cover briefly the main methods employed.

The use of the X-ray telescope for quantitative coronal plasma
diagnostics has to overcome all the complex problems connected with the
calibration of the data. The broad wavelength dependent point response
function, the wavelength dependence of the film response, and the broad-
band nature of the filters must all be considered in the reduction of
the data. While quantitative data reduction requires much care and
understanding of all possible sources of errors, we can confidently
state that the many years of.our calibration effort have resulted in our
ability to derive electron temperatures and densities from the photo-
graphic data.

The X-ray images are scanned by a Photometric Data System Model

1010A microdensitometer with an aperture of 20 micrometers (2 arc

51



seconds). The resulting digitized density arrays are stored on magnetic
tape. Approximately one hour is required to scan the full solar disc.
The density arrays are converted into digitized irradiahce arrays (the
distribution of energy per unit area per unit time deposited on fhe
film) by means of the film calibration curves. A correction for radia-
tion fogging is also applied. Since the film is wavelength.dependent
and the incident wavelength distribution is not known a priori, this
procedure is an iterative one. 1In principle, these arrays should be
deconvolved in order to remove the effects of telescope scatter. At
tﬁe present time, deconvolution is done for special purposes since it is
time consuming. Without deconvolution, in a number of cases, it is
possible to obtain useful information about the temperature and density
structure of various coronal features.

In order to relate the focal plane irradiance distribution to the
coronal parameters, a quantitative relationship between the radiation
emitted by the corona and that imaged by the éelescope is required.

This relationship is given by the following equation:

A e 2
Bp = I mm pouran g 0 aran

4Tf (o]
where
Ei = power deposited on the film per unit area for an exposure
through the ith filter
A = geometrical collecting area.of the telescope = 42 cm2

focal length of the telescope = 213 cm

N_ = electron density
. = line-of-sight distance

P(A,T) = power emitted per unit wavelength interval per unit
2
emission integral (]Ne dVv) at wavelength A by plasma

at temperature T, and
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ei(l) = overall transmission function for the telescope
including prefilter transmission, mirror reflec-
tivity, transmission of the ith filter, and.magazine
window transmission. This function is determined

from laboratory calibrations.
For the simple case of a uniform temperature along the line-of-
sight, the above equation reduces to

A
4rf

E [e4] 7, ()

i 2

where
EM = J: Nz(z)dl is the emission measure
and
F (T) = IAP""T)ei (A)aa
Since the quantity (A/4ﬂf2) [EMﬂ is constant for all filters,

the ratio of the irradiances for two different filters

E, Fi(T) _

1__——— 0]
Ej = Fj(T) = Rij(T), the spectral hardness index,

is a function of temperature only.

Thus, from the ratio of the measured irradiances, the temperature
can be determined independently of the emission measure. Once the
temperature has been determined, the emission measure can be determined
from the measured irradiance for any filter.

If the plasma column cannot be considered isothermal, we can still
use the above expressions to define an "effective" temperature and
emission measure; alternatively, we can assume a model for the line of
sight dependence of the temperature and density.

In order to interpret the X-ray photographic data in terms of
temperatures and emission measures by the above scheme, it is necessary

53



;6 know P(A,T), the spéctral distribution of the soft X-ray emission
as a function of temperature T.

In our data analysis we use a modified version* of X-ray spectrum
calculated by Tucker and Koren+ for the function P(A,T). These investi~
gators have calculated the 0.5 - 70 g X-ray spectrum of a low-~density
plasma having electron temperatures in the range 6 x 105 to 108 OK
and elemental abundances equal to those generally believed to exist
in the solar corona.

Figure 5 is a block diagram illustrating the steps employed to
obtain quantitative information from the X-ray photographs. The start-
ing point is the microdensitometry of images taken through two filters
at several exposure times. The filters selected at the present time
are usually 1 and 3. The exposures are selected to be as close in
time as possible to minimize the effect of misalignment due to changes
in ATM pointing and changes in the physical parameters with time.

We have found that we can relate the net density on the film to
the power per unit area deposited on the film Ei by means of a semi-

empirical relationship with three free parameters:

D, = f(Dmax;Yi:(alJ)i,Eit)

where

D = maximum net density attainable,

Y; = the slope of the linear portion of the log E;t vs. D, curve.

* New cross-section data, results of ionization equilibrium calculations,
and updated solar abundances are continuously inserted into the spectrum
calculation program.

+ Tucker, W.H. and Koren, M., 1971, Astrophys. J. 168, 283.
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(au)i = film speed parameter, proportional to the reciprocal
of the energy at which the net density equals zero,
and

t = the exposure time.

For tpe purposes of this discussion, the actual functional form of

the relationship is not necessary. Dmax is obtained experimentally;
Y; and (au)i are wavelength dependent and, therefore, are functions of
the temperature and are not known a priori. An iterative method is
used to find their values.

A trial Yi and (au)i, Yi and (au):, respectively are used to con-
vert density arrays at several exposure times to power per unit area
arrays Ei for a restricted area of the sun. A "scatter plot" is now
produced by plotting point by point the Ei for one exposure time vs.
the Ei for another exposure time, usually a factor of four longer than
the former exposure. If the density-to-energy conversion used is correct,
all points should fall on a straight line with a slope of unity. If they
do not, a new Yi can be found from the slope of the best-fit straight line
in the region of the "scatter plot", where the density-to-energy relation-
ship is linear for both exposures. This procedure is repeated until no
further improvement in the "scatter plot” is obtained. This metod
determineé the best Y independently of the choice of (au)z. The final
Yi and the original (au)z are used Fo determine a new array EZ.

From the above form of the expression relating Di to Ei' we thice
that the parameter (au)i only enters in as a product with E . Thus for

1

a given density Di the following is true
o_o
(aw); E; = ay, (T)E, (T)
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. where aui(T) is the COrrect film speed for an incident radiation
specﬁrum characterized by the temperature T and Ei(T) is the correct
power per unit area deposited on the film.

ani(T) is assumed to be given by the following expression

Jy aun rA,m) €00 ar
[, P0.m £, 0) ax

aui(T) =

where ap()) is the laboratory determined film speed parameter for
monochromatic radiation of wavelength A and the other quantities are
as previously defined.

Thus for two filters, say 1 and 3, we have

E

w O

(au) au3(T) E3(T)

E

{aM)

0 WwWo

aul(T) Ei(T)

-~ 0

Dividing the first equation by the second, we obtain

o .o o
(au)3 E3 ] au3(T) . E3(T)
o _0
(au)1 E1 ayl(T) EO(T)

Now E3(T)/EI(T) = R31(T), the spectral hardness defined previously, and

so wve have finally

(a3 E;  aku (T

(ry = (T)

R 0
(au): E: an, () i i

a function of T only and which is derived from the theoretical solar
spectrum and laboratory calibration data.

Hence, once we have found the ratio on the left-hand side of the
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above equation from the iterative procedure for y outlined above,
the temperature is given by that valué.of T which yields a Q31 equal
to that ratio.

From the value of T found above we can now find Ei(T), e.qg.

[o] o]
(al-l)3 E3

E_(T) =
3 au, (T)
3
The emission measure is given by
2 E3(T) 41rf2
f N ar = .
e F3(T) A

Figure 6 gives an example of this procedure for an active region.
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4.0 Scientific Interpretation and Significance of Results

The data base generated by the S-054 X-ray telescope provides an
opportunity to study the details of the complex of phenomena that take
place in the sun's atmosphere, as well as to begin the construction of
a coherent picture of the interrelations existing between varioué
coronal structures. The degree of spatial, spectral, and temporal
resolution achieved allows modeling of the features that are the corona --
active regions, flares, active region interconnections, filaments and
filament cavities, bright points, and coronal holes. The ultimate goal,
always kept in mind, is, of course, to understand solar activity and
dynamics. |

The fundamental result which emerges from the analysis which has
been done is that there is no quiet, homogeneous corona; the view that
the corona is dominated by structures, which appear to related to a con-
tinuum of levels of activity, has been reenforced, and solar activity is
seen to correlate strongly with the solar magnetic field. Thus the
corona must be viewed as a complex system whose individual parts are
strongly interacting and, therefore, cannot be studied in isolation
(2, 5, 15, 54, 56).

The time resolution achieved in particular allows the observation
and study of the restructuring of coronal features, and hence of the
coronal magnetic field on both a long and short-term basis (3, 12); that
is, it is possible to examine the extremes of time scales from transient
events, such as flares, to changes occurring with periods characteristic
of the solar rotation, such as the evolution and decay of whole structures.

The analysis accomplished up to now allows us to reach some very

general conclusions and suggests fertile new paths for further investi-
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gations. It is ndw clear that the majority of coronal structures has
closed;loop configurations whose footpoints appear -to be anchored in
regions of opposite magnetic polarity. Comparison of loop structures
with potential field extrapolations of photospheric magnetic fields
strongiy suggests that the former outline, to some approximation, the
three-dimensional configuration of the coronal magnetic field (21, 37).
- The dynamics of the coronal plasma must thus be understood within the
context of loop configurations; homogenebus models are clearly
insufficient.

The understanding of mass and energy balance in the solar corona
certainly occupies a central place in the overall problem that must be
solved; that is, we must answer the question of how the loop structures
are maintained energetically. Traditional coronal heating theories
tend to deal with homogeneous geometries; the inhomogeneous structuring
of the corona with the concomitant implications for heat conduction,
radiation and energy deposition force a reexamination of the traditional
point of view.

. Related to the energetics problem and quite inseparable, is the
question of the nature of the dynamics which determines the topology
of the structures. In this category fall questions relating to the
formation, stability, and evolution of loop-like features. The roles
of force-free fields, magnetic field merging and annihilation, formation
and dissipation of current sheets, ;nd microscopic as well as macro-
scopic (MHD) instabilities are all still unresolved, and in fact might
constitute the bridge connecting the energetics with the dynamics. The
placing of these activities within the context of loop structures appears

to be the thematic concern of future inquiry.
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4.1 Flares

The study of solar flares can be broken down into a sequence of
smaller, not necessarily indepéndent, subjects. Thus, we concern our-
selves with the nature (and existence) of the preheating phase, the
discrimination between possiblé chromospheric or coronal origins of
flaring, the localization of the triggering point with respect to the
magnetic field geometry, the determination of the physical parémeters -
temperature, density, field strength -- before, during, and after flaring,
and finally the effects of thc flare on its surroundings.

The data analysis proceeds along two parallel lines: the first
consists of a statistical study of many events of a particular type; in
this way general morphological properties of selected'physical configu-
rations are elucidated. The second consists of a detailed study of
particular events in which the high spatial, spectral and temporal
resolution provided by the data base is put to work; the goal here is
to obtain the detailed physical properties of the selected events.

The results of the w;rk done up to now can be summarized as follows:

1. Two basic structures have been identified during the course of

flaring events (34, 39):

a. X-ray "kernels", which are small, point-like (=10")
brightenings most prominent during the rise phase;
"whether these kernels are related or not to possible non-
thermal events is a subjéct of present investigation.

b. Loop-like structures, which become evident primarily
during the maximum and decay phases but are present at
all times. They constitute the basic structural element
for understanding the X-ray event from preflare brightening

to post-flare configuration.
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Pre-existing loop structures appear to brighten before the

onset of flaring; this result indicates the possible existence

of a preheating phase (35, 44).

The detailed spatial and temporal studies indicate the follow-

ing flare characteristics (12, 18, 22, 44):

a.

Spatial comparison of the site of initial soft x;ray
release and the pre-existing loop indicates that only

a restricted section of the loop, at coronal levels,
contributes to the flaring volume (35, 38).

The volume from which most of the energy is radiated
changes relatively little (< 3x) during the flare evolu-
tion. The implication is that radiative losses play a
significant role in the flare energy budget, in particular
when compared with possible cooling by conduction or
expansion.

Comparison of the sites of X-ray emission with the magnetic
field configuration shows that emission is concentrated
near the neutral line of the longitudinal magnetic field;
the brightest structures, at flare onset, appear to bridge
the neutral line.

The restructuring of the core of the flare coincides in
time with the occurrence of possible non—tﬁermal events.
The study of different spétial structures during flaring
has shown that each has its own, quite distinct, light
curve (44); thus, the complex flare structure may consist
of a collection of arches, each with its own distinct

temperature and density distribution, and temporal evolution
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(9, 29, 40). Further, fhe decay phase is structurally domi-
nated by loop systems; low, compact loops are apparent at
the peak of the event, whereas more and more extended, high
loops become prominent during the fall phase. These observa-
tions are clearly relevant to the construction of flare
cooling models.

f. sSimilar sorts of results, indicating isolated temperature

regions, are given hv the spectroscopic data (40).

4.2 Active Regions

A large fraction of the solar coronal soft X-ray emission ccmés
from active regions (AR); the study of this emission can be considered
as é problem which will further our understanding of solar activity.
Since the X-ray structures appear to be determined to a great extent by
the magnetic field, the evoluticn -f AR's provides a clpe to the evolu-
tioﬂ of the solar magnetic field (46, 48, 15, 54, 55, 57, 58).

Tﬁe study of AR's, therefore, focuses on both the nature of their
detailed structure and structural changes and on the overall evolution of
fhese structures. The analysis being done at the present time can be
categorized as follows:

1. The three-dimensional structure of an AR is investigated by means
of seqﬁences of observaiiulio Laken at discréte intervals during the
passage of an AR across the;sélar disc. In addition the temporal
evolution of an AR and its association with the concurrent evolu-
tion of the solar magnetic field is examined.

2. The physical parameters which characterize an AR are determined
via the comparison of the soft X-ray images with spectrographic

data obtained by rocket-borne instruments.
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" The great breadth of the data base in time allows one to dis-

tinguish between processes characterized by a wide range of
time scales of activity. The relationship between transient

events and evolutionary changes can thus be found.

- Static models which are derived from the data and that require

a balance between the energy input and losses, are constructed.

The preliminary results may be summarized as follows:

1.

As seen in x-ray_s., coronal AR's t_ake the formm of complexes of
closed tubular structures, loosely called "loops", connecting
regions of opposite magxietic polarity within the same or
adjacent plage regions; these loops have a wide range of
characteristic sizes. AR's are not isolated structures, but
rather relate to, and are connected with, surrounding lower-
activity (quiescent) regions, as well as other AR's. Studies
of the detailed structure, characteristic physical parameters,
and evolution of interconnected regions are proceeding (30).
A key observation appears to be the strong association of
regions of high temperature with regions of high density.

This correlation of temperature and density places strong
constraints on the modeling of coronal heating and cooling
(13, 36, 57, ‘58, 23).

Calculated radiative cooling 1_:i.mes, as well as conjectured
conductive cooling times, are all smaller than the charac-
teristic lifetimes of structures. The implication is that
substantial energy deposition must occur over extended periods
of time, not just impulsively. Again, this result constrains

the range of possible heating models. In addition, it appears
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5.

that radiative losses must play a significant role in the

overall energy balance.

Two quite different time scales of activity have been discerned:

a.

Short-term changes (hours to days) are likely to be related
to photospheric magnetic. field changes. During the course

6f such activity, the overall topology of the X-ray structures
remains essentially the same.

Long-term (v several solar rotations) activity corresponds

to significant changes in the large-scale structure 6f AR's.
These changes seem to be related to the evolution of the over-
all AR due to the emergencé, development, and decay of

magnetic flux.

The structuring of an AR correlates strongly with the structure

of the magnetic field (21, 37).

a.

The compact portion of an.AR is spatially correlated with
steep magnetic field gradients perpendicular to neutral lines;
that is, there exists a qualitative spatial correspondence
between;regions of enhanced X-ray emission and calculated
magneti; field configurations, extrapolated to coronal levels

using current-free calculations. There is evidence for the

importance of coronal currents; therefore, calculations are

being extended to incorporate current-carrying fields.

The decay of the magneti; fields seems likely to be related
to the breakdown of magnetic confinement and the evolution of
AR's into large-scale structures (LSS), that is, the inner
quiescent corona (50, 51, 80, 83) (57, 58, 28, 51). Hence

work is being done on the evolution of AR's via the spreading,
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weakening, and merging into large-scale features; the
interaction between the evolving AR and a newly emerging
AR is a significant complic;ting feature. There is a
suggestion that coronal holes represent the final stage
of LSS evolution when the topological configuration is

favorable (33).

4.3 Coronal Holes

Coronal holes (CH) are features which are defined by what they
lack: emission. They are regions virtually devoid of emission, bounded
by what appear to be divergent large-scale loop structures. Since they
were observed before the launching of the ATM, evidence had already ac-
cumulated which suggested a possible association between CH's and high-
speed solar wind streams (8, 41). It was, therefore, known that CH's

might play a significant role in the overall mass balance in the corona.

The analysis of the S-054 data, in conjunction with other observations,
has yielded the following preliminary results (4, 7, 23):

1. The magnetic field inside a CH is predominantly of one sign.
Analysis indicates that the particular large-scale field
pattern represented by the CH is formed wherever the successive
emergence of active region fields results in a swath of unipolar
field extending across the equator, and at times reaching the
poles, and bounded by opposite polarity fields (10, 33, 23).

2. The observation of loop structures appearing to arch away from
the CH, as mentioned above, suggests that the CH is associated

with divergent field configurations. This suggestion, in con-

junction with the association with high-speed solar wind streams,
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has strong implications f&r theories of solar wind acceleration.

3. One.expects the form, and hence the stability, of CH's to be
affected by the diffusion of remnant AR fields, fhe emergence
of new, perturbing fields, and the differential rotation of
the solar surface. The observation that CH's do not follow
the differential rotation pattern as, for example, defined by
the sun spots, and instead appear to rotate far more rigidly
(33) is, therefore, a totally new and unexpected result. This
observation is relevant *2 2 range of theories from accounts of
the role of the solar maznctic field, to models.for solar con-
vection.

4. The comparison of the X-ray data with spectroheliograms of the
D3 and 10830 X lines of heiium has shown a strong association
between the CH as defined in the X-ray images, and helium
structures. Here is a clear opportunity to investigate the

nature of the mechanism of helium excitation on the sun (11, 42).

4.4 Bright Points

Bright points (BP), first discovered on a pre-ATM rocket flight,
may be defined as small (< 30" diameter) compact regions of enhanced
X-ray emission, associated with compact bipolar magnetic field regions.
There is a certain resemblance to (the far larger) AR, but the prelimi-
nary data indicate that they form a distinct category of solar atmos-
pheric features. Some, but not all, BP's appear to have a very compact
(< 10" diameter) core. Their average lifetime is of the order of 8 hours;
their maximum area appears to vary with time. The range of values ob-

served for the area, lifetime, and cmergence rate suggests a possible
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connection between BP's and the supergranulation pattern (6, 26, 32).

The primary results of the investigation to date are (2, 5, 6,16, 19):

1.

There exists a very large nuhber of BP's on the solar disc.

The total population appears to consist of a uniformly random

-(in latitude and longitude) component extending to the poles,

and én inhomogeneous component which seems to lie in the more
active latitudes and is non-uniform in its longitudinal distri-
bution (43, 32). There is a strong suggestion that the latter
component, but not the former, is related to the AR's whose
latitude distribution it resembles.

Approximately 10% of the BP's exhibit flaring behavior; the
surface brightness is seen to increase an order of magnitude
within the span of & 10 minutes. This is a characteristic
which some BP's appear to share with AR's. However, the
existence of the above-mentioned uniform component in the BP
population indicates that BP's are not just small AR‘'s; perhaps
their association with supergranulation cells is a key to the
understanding of their origin.

There is some evidence, not yet conclusive, that BP's contri-
bute as much or more to the total solar magnetic flux as AR's
(57). 1If verified, this is an important result from the point
of view of theories of magnetic field activity; the implications
of the uniform component for solar dynamo theories are parti-
cularly striking.

The yet unpublished discovery of temporally coherent changes in
the BP spatial distribution with coherence lengths of the order

of the solar radius, is too recent to permit a sensible account
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of its possible significance. One might mention here that this
result is a possible indication of spatially coherent, large-

scale structures underlying the visible layers of the sun.

4.5 Models and Theoretical Work

Until the advent of recent XUV and X-ray observations of the solar
corona, theoretical models of the éhysics of the solar atmosphere were
fundamentally restricted to simple, spherically-symmetric, or plane-
parallei ‘geometries; presumed coronal structures had, by 'necess'ity,_
clearly speculative elements. The recent flood of detailed data, in
conjunction with the ongoing reduction and analysis, has given a natural
impetus to theoretical efforts designed to elucidate the great structural
complexity of the corona which has now become so evident. These efforts
aim at an understanding of observed density and temperature variations,
energetic balance and (in-~) stability, and finally the temporal develop-
ment of regions of varying levels of activity. Below follows a very brief
summary of the ongoing theoretical investigations; the unifying approach
has'beer'l to correlate the MHD/fluid and microturbulent aspectg of the
coronal piasma.

The starting point of ouf efforts has been to provide a basis for
deriving density and temperature information from the X-ray data. A
detailed stuéy of the compact portions of active regions (36) has pro-
vided ranges of the characteristic phirsical parameters, including typical
physical dimensions; this model considered the active region core a
hemisphere, with no internal structure, as a first approximation. A
refinement of this work, which regards active regions as assemblages

of loop-like structures, is proceeding at the present time; the
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detailed implications of the loop geqmetry for quasi-static energy
balance and long-term evolution are investigated by solving the energy
transport equation within loops. Loop models have been parametrized so
as to allow study of the relative importance of conductive and radiative
cooling, as well as of the modes of energy deposition.

Extending the above loop structure work to the problem of loop
heating has been the aim of a study by our group and collaborators;
central to this work is the contention that coronal heating can only
be understood within the context of the loop structures. The data
strongly suggests the viability of heating mechanisms other than wave
dissipation. We examine in some detail the geometry, enérgetics, and
dynamics of various current-sheet dissipation models, with emphasis
upon the role of turbulence in both energy deposition ;nd transport.

As an alternative we plan to investigate the coupling of sound and
Alfven waves, along with the possibility of subsequent wave dissipation
in the weakly turbulent limit. Emphasis is placed upon confronting suf-
ficiently detailed models with the observations so as to distinguish
between the various mechanisms.

In a similar vein, the study of energy transport within loops has
led to an examination of possible associated instabilities. For example,
the strong temperature dependence of thermal conduction has suggested the
possibility of thermal condensation within loops; work on the competing
time-dependent effects of radiative éooling and conduction, demonstrating -
the basic effect, has been carried out (Compagno, thesis Palermo 1975),
and more detailed studies are planned. The consequences of impulsive
changes in the ioop-heating function, in particular with regard to the
observed sudden loop brightenings, form a related ongoing area of investi-

gation (G. Peres, thesis).
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Finally, the growing awareness of the importance of weak micro-
turbulence in dissipative processes within the solar corona has led
us to consider the possibility and consequences of strong plasma tur-
bulence. Preliminary work suggests that the strong microfields occurring
as a result of soliton formation within a strongly turbulent plasma play
a significant role in stochastic particle acceleration; the relationship
between rapid tﬁrbulent energy dissipation and relativistic particle
acceleration, possibly in the solar flare context, is the focus of

further study.
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5.0

Personnel

The general philosphy has been to keep at a minimum the per-

manent scientific staff while at the same time allowing ample room

for visiting scientists, guest invgstigators, and other collaborators

on a temporary basis.

The administrative support is limited to a

permanent administrative secretary and to temporary help from the

administrative office at the Center for Astrophysics.

Technical

supporting work and computer use, in addition to that provided by

ASSE, has come on an as-needed basis.

Permanent Staff

Giuseppe S. Vaiana
Martin V. Zombeck
Charles W. Maxson
Robert Rosner
Betty Duncan

Princ%pal Investigator
Senior Project Scientist
Data Manager

Scientist

Administrative Secretary

Associates, Visiting Scientists, Resident Guest Investigators,
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G. Compagno
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G. Noci
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E. N. Parker
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Figure 1 Plot of the total number of frames exposed for each day
of the Skylab missions and the number of internegs

(shaded portions) produced for each day to July 1975.

Figure 2 X-ray images taken during five of tﬁe solar rotations ob-
.served during the mission. Each image is one rotation
ahead of the image immediately above it, and adjacent images
are separated by a quarter rotation. North i; at the top of
each image and West is to the left. The exposure time was

64 seconds, and the softest filter, No. 3, was used.

Figure 3 A three-day development of active region (NOAA 137) from
14 June to 17 June 1973. Both the X-ray images (hard filter,

two exposure times) and Kitt Peak magnetograms are shown.

Figure 4 Active region NOAA 137 on 16 June 1973 with exposures
through hard (upper row) and soft (lower row) filters,

showing short-term structural and temperature variations.
Figure 5 Block diagram of data reduction and analysis procedure.

Figure 6 Example of the X~-ray data reduction and analysis sequence.
(a) The X-ray sun on August 29, 1973. North is up, East to
the left. Filter 3, l16-second exposure. (b) The same as (a)
except Filter 1 and 64-second exposure. (c) A contour map of
the density for the image in (a). Isophotes are linear density
increments. (d) A contour map of the density for the image in
(b) . Isophotes are linear density intervals. (e) and (f)
Scatter plots for Filters 3 and 1, respectively.
(g) and (h) Contour maps of the energy per unit area per unit

time E: deposited in the focal plane for Filters 3 and 1,
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respectively. The isophotes are logarithmic intervals.

The maps are of the area outlined in (c) and (d).
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1.0 INTRODUCTION

This report covering the month of June, 1975, describes
activities at HCO under Contract NAS5-3949. Being-the last
report for Fiscal Year 1975, we are devoting the bulk of the
report to a summary of scientific results obtained to date
from the S055 Spectroheliometer data.

The production of final data at MSFC and JSC was com-
pleted in June, and all the S055 final data tapes and micro-
fiche have been received at HCO. The BBRC support group
at JSC has returned home and the office has been closed.

The ATM mission log, prepared by BBRC under subcontract,
has been shipped to ATM PI's and the subcontract has been
terminated as of June 30.

The H-Alpha Atlas is 80% complete, and is being sh1pped
to ATM PI's. The data guides and handbooks that will accom-
pany the data submittal to the National Space Science Data
C?nter are 75% complete. The S055 Mission Log is 40% com-
plete. -

In short, the bulk of the data reduction, engineering
support, and organization of the data bank is complete,
although progress on those tasks which still remain will
continue to be reported. The following sections of this
report describe preliminary results of the scientific data
analysis.

2.0 SUMMARY OF PRELIMINARY SCIENTIFIC RESULTS.

The Harvard College Observatory Experiment on ATM was
an outstanding scientific success. It has provided a wealth
of scientific observations on diverse solar phenomena and
features, observations which provide a data base that will
be exploited for many years. In the following paragraphs
we briefly summarize some of the results that have already
been obtained from these observations, with some of the pub-
lications where the results were reported A bibliography
is included at the end.

3.0 TIME VARIATIONS IN EUV _EMISSION LINES.

Among the most important observations obtained by the
experiment is the discovery (14) of EUV brightness changes
that may be associated with mechanical waves which heat the
corona. Detection of the phenomena responsible for heating
the corona has eluded solar astronomers for many years. °
The most accepted theory is that the corona is heated by
upward propagating mechanical waves which are generated in
Tower atmospheric layers. Since oscillatory motions w1th
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a 300 second period have been observed in .the photosphere,
one might expect that there might be waves with a 300 second
period moving upward through the chromosphere, transition
layer, and corona. One also might expect that waves moving
through the transition layer and corona would produce EUV
brightenings that could be detected. The HCO experiment
found evidence for brightenings with a 300 second period in
the chromosphere, but no evidence for periodic brightenings
in higher layers. However, aperiodic brightenings with an
average duration of 70 seconds were found in lines formed

in the chromosphere, transition region and corona. If
further analyses confirm, as the preliminary results suggest,
that the brightenings are associated with upward propagating
phenomena, then ATM may well have detected for the first
time the waves heating the corona. S

4.0 STRUCTURE OF THE QUIET ATMOSPHERE.

. The problem of the structure of the quiet solar atmo-
sphere is closely related to the heating problem. In order
to develop reliable theories for the outer solar atmosphere,
it is essential to understand the mass and energy balance
in each layer, how much mass and energy flows into each
Tayer from adjacent layers, and how much flows out. What
is the role of the magnetic field which controls the flow
of energy by conduction (along field l1ines) and the solar
wind, which can be an important source of the mass and
energy loss in magnetically open regions? What is the
difference in physical conditions:.in the chromospheric net-
work and intra-network areas? How does the network extend
upward into the transition layer and corona? How much EUV
radiation is emitted by spicules?

One of the earliest ATM results was the discovery that
although the chromospheric network is clearly visible in
Tines formed in the chromosphere and transition region, it
is only marginally visible in coronal lines (9, 32, 35).
Furthermore, the maximum contrast between the network and
intra-network areas occurs in lines formed at temperatures
near 10% K, with lines formed at lower and higher tempera-
tures exhibiting Tower contrast. The interpretation of
these data is well underway with preliminary results being
reported in papers (6, 7, 9). Preliminary results of the
analyses suggest that the corona in typical quiet areas
is relatively homogeneous and extends downward to within
about 8000 kilometers of the photosphere. The transition
region in the network is on the average about a factor of
3 thicker than in intra-network areas. The model for the
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network indicates that, in contrast to earlier spherically

- symmetric models, energy losses by conduction no longer dom-
inate the temperature structure in the transition Tayer,
since radiative losses are of equal importance. Spicules
apparently emit significant amounts of EUV radiation, about
10% to 20% of the total EUV emission from quiet areas of

the sun (7). Determination of the amount of EVU emission
from spicules will permit for the first time the development
of models for the transition sheath which separates cool Ha
emitting spicular material from the hot surrounding corona.

. Mariska, Reeves and Withbroe are continuing their work
on the development of models for the transition layer and
"corona, while Yernazza and Avrett continue their work on
chromosphere models.

5.0 CORONAL HOLES.

Another important discovery .made with ATM observations,
is the direct measurement of the increased thickness of the
transition layer in coronal holes (as compared to the thick-
ness in quiet ragions). This was first noted in the NRL
S082A data by Sheeley and subsequently confirmed with the
HCO data (26). The possxb111ty that the transition layer is
thicker in coronal holes than in normal quiet areas was . ..
first suggested by analyses of data from HCO 0SO experiments,
but the spatial resolution of the 0S0 data did not permit
this possibility to be firmly established. The confirmation
of this hypothesis by ATM is important because the thick-
ness of the transition layer in coronal holes appears to be
related to the tTact that coronal holes are.apparently:'strong
sources of high speed coranal wind streams. (The latter
result has been demonstrated in analyses of data from other
ATM experiments, especially S054. ) Because a substantial
amount of coronal energy is lost in the solar wind, the amount
of energy conducted from the corona to the transition region
is lower in a coronal hole than 'in a normal quiet area, there-
by reducing the temperature gradient and thickness of the
transition region. Analyses of ATM EUV data also suggest
that there are differences between coronal holes and normal
quiet regions in tna brightness of the chromospheric net-
work (9, 26). .

A primary objective of the HCO experiment team and their
collaborators is the development of empirical, inhomogeneous,
three dimensional models for the chromosphere, transition
region and corona, for both quiet regions and coronal holes.
Through such-models we hope to understand how and why a
coronal hole differs from a normal quiet region. Work on
the development of such models continues.
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6.0 MACROSPICULES

Another discovery made with the ATM EUV experiments is
the macrospicule. These features, which appear to be jets -
of chromospheric material that shoot as high as 1 arc minute
above the 1imb in polar coronal holes, have the characteris-
tics of small surges or giant spicules. They were indepen-
dently discovered in the NRL S082A and HCO S052 data. The
data from the two experiments is complementary. Because of
its large field of view, the NRL experiment obtained statis-
tics on many macrospicules, however, primarily only in one
‘Tine, He IIX304. The HCO experiment had a smaller field of
view and was pointed at polar regions only infrequently,

- hence obtained observations of only a few macrospicules.
However, because of the sensitivity and photometric precision
of a photoelectric experiment and .its capability ta detect
EUV emission from macrospicules in several lines, the HCO
data are particularly useful for constructing models for
individual macrospicules. These models (74) have yielded
estimates for the mass of macrospicules as well as for the
energy required to produce them. Because of the large amount
of energy required to generate macrospicules, it appears

that they are most likely produced by a mechanism that
.utilizes energy stored in the chromospheric magnetic field.

7.0 CORONAL LOOPS.

Among the most interesting observations obtained by the
EUV experiments on ATM are those of coronal loops. Before
ATM it was generally believed that the coronal layers over
active regions consisted primarily of high-temperature material
(T>10% K) except for cool material in filaments associated
with the regions. The ATM observations show that the space
above most active regions ‘is filled with coronal loops con-
taining material with temperatures ranging from 10" to a
few million degrees K. Generally the loops with the smal-
lest cross-sections contain material with temperatures between
10° and 10% K while the hotter loops are more diffuse and
have broader cross-sections. Many, if not all, cool loops
(temperatures less that 10°) appear to be unstable, that is,
emission from the loop undergoes significant changes in times
of the order of a few minutes. The hotter loops (tempera-
tures greater than 10° K) appear to be more stable. Many
cool loops appear to be generated by material that is injected
at the foot points of the loops. Others may well be caused
by the condensation and cooling of hotter coronal material
that falls back into the chromosphere at either end of the
loops. The problem of the stability and configuration of
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coronal loops is under intensive 1nvest1gat1on by Foukal,
Levine, Withbroe and others. .

Because coronal loops trace out the configuration of
the coronal magnetic field, comparisons of EUV loop configu-
rations with magnetic field configurations computed from
measurements of the photospheric field are being made in
order to develop information about the ex1stence of coronal
electric currents.

Another area of investigation is the evolution of active
regions. Studies of evolutionary trends are underway by
Foukal, Levine and others. Of particular interest are evo-
Jutionary changes in the coronal structure as observed in
EUV. Tines and the magnetic field conf1gurat1on computed from
photospher1c magnetograms.

Results of work on coronal Toops have been reported in
a number of papers (4,:23, :62). y o

8.0 SUNSPOTS.

Another major surprise provided by ATM was the discovery
that the 1ntens1t1es of EUV lines formed in the transition
layer (2 x 10°® K < T <10° K) are extremely bright over sun-
spots (23, 65, 82). The reason for this appears to be that
sunspots are often the footpoints for one or more coronal
loops that have very thick transition layers (that is, the
temperature gradient in the transition layer over the sun-
spot is very shallow). Because the transition layer is so
thick, lines formed there are very intense. Models of these
features have been derived which explain the appearance of
the EUV emission over sunspots when viewed near sun center
and at the limb (where the vertical extent of the EUV emis-
sion can be measured directly (65, 82).

Studies are also underway to determine if it is possible
to detect umbral flashes in EUV lines. Preliminary results
suggest that the Harvard experiment may have successfully
" observed phenomena that may be related to umbral flashes
observed from the ground.

9.0 FLARES.
Preliminary analyses of flare data (29) from the HCO

experiment indicate that the impulsive rise in EUV emission
occurs essentially simultaneously at temperatures from
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2 x 10" K to 2 x 10° K, at least to within the 5.5 second

time resolution of the experiment. The rise time of impul-
sive emission is rapid, often with e-folding times.-shorter
thaft 5.5 seconds. A number of small flares have been observed
to occur at the foot-points of coronal loops (47, 48). These
flares often eject chromospheric and transition region material
up into the loops. EUV spectra of flares were also obtained
and are being used to determine temperatures and densities

in flares (29). Harvard EUV flare observations are being
compared by Donnelly to measurements of sudden frequency
deviations obtained using ground-based instrumentation.

10. EUV_BRIGHT POINTS.

EUV bright points have been observed in all locations
on the disk including coronal holes (35, 94). Many of these
features appear to be associated with bipolar magnetic re-
gions. Among the most interesting phenomena discovered by
ATM are the bright point flares where the EUV emission from
a bright point increases by an order of magnitude in a few
minutes or less. In one case a bright point flare has been
observed to flare initially in lines formed in the transi-
tion layer. For a large fraction of flaring events a bright
point several thousand kilometers away has been seen to flare
simultaneously although no connecting loop structures be-
tween these regions have been observed so far. Bright point
flares may well be another example (1ike normal active region
flares) of a region where energy stored in the magnetic field
is converted rapidly into thermal energy. Work on bright
points continues. The relationship between EUV and X-Ray
bright points will be investigated in collaboration with
members of the S054 experiment team.

11. PROMINENCES.

The HCO experiment acquired a rich supply of data on
prominences and filaments, both quiescent and active. These
data are under intensive study by Schmahl and collaborators
(Orrall, Wagner and members of other ATM experiment teams).
Some preliminary results of these investigations have been
reported by Schmahl (10, 37, 68). Generally the EUV emission
from a prominence or filament is similar to that from the
quiet sun. However, the large opacity,of the cool prominence
material for wavelengths ‘less than 912A (caused by absorp-
tion in the H Lyman continuum) porduces important differences
such as, for example, that prominences are often seen in
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absorption in coronal lines. It appears that typically
the transition sheath separating cool prominence material
from the hotter surrounding corona is.less dense and thinner
than the transition layer in quiet areas of the sun. The
new EUV observations are being used to construct prominence
models which include not only the cool regions visible with
ground-based instrumentation, but also the transition sheath
separating the cool priminence material from the hot surround-
ing coronal material in which the prominence is embedded.
For the first time solar astronomers have access to promi-
nence observations made with high spatial reso]ut1on in
spectral lines and continua ranging form about 10* K to
several million degrees K, which permit the construction of
prominence models that are much more realistic than earlier
~models. The EUV data may also provide an opportunity to
investigate how much material condenses out of the corona
to. form prominences. This is difficu]t to do with ground-
based observations because it is impossible to observe the
critical temperature range between 10® K and a few times
10* K, as can be done in the EUV.

12. DIAGNOSTIC TECHNIQUES.

Diagnostic techniques for obtaining information from
the ATM observations are also the subject of intensive in-
vestigation. One of the principal new diagnostic tools is
the interactive computer driven Solar Image Display which
is being used in a number of ways to analyze the data such
as: (1) displaying simultaneously on video in different
colors spectroheliograms made in different wavelengths or
at different times, (2) changing the contrast or displayed
intensity versus detector count rate to enhance or suppress
different features, (3) and flicker techniques which permit
rapid comparison of several spectroheliograms so that changes
0ccur1ng between them can be easily detected. This system
is proving to be a powerful tool for analyzing a wide variety
of problems. )

Work on the development of spectroscopic diagnostic
techniques continues. Dupree, Foukal and Jordan are investi-
gating the problem of using intensity ratios of lines from
ions in the beryllium isolectronic sequence to determine
densities (77). Withbroe (18) has developed a new method
for analyzing EUV spectra to determine how material in the
Tine of sight is distributed as a function of temperature.
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This technique provides very useful information for the
derivation of temperature-density models. Dupree and
Mariska are studying the effects of different processes on
the ionization equilibrium in coronal plasmas. Mariska,
Avrett and Withbroe are investigating the application of
Avrett's sophisticated computor program, which solves
radiative transfer problems, to the problem of generating
empirical models for spicules and macrospicules. Vernazza
is developing techniques for analyzing mirror line scan data
to obtain information on periodic and aperiodic brightenings
observed in the EUV data. He is also working on methods for
adding spectral scans and smoothing them by Fourier tech-
niques. : .

13. TERRESTRIAL ATMOSPHERE.

The Harvard ATM experiment has also acquired a large
quantity of data on the terrestrial atmosphere. During
each spacecraft sunrise and sunset when the experiment was
turned on it measured the absorption of EUV solar radiation
by the Earth's aimosphere. Through comparison of measure-
ments made at different wavelengths, it is possible to
determine the variation with height in the atmosphere of
atomic and molecular oxygen and molecular nitrogen and the
exospheric temperature. Preliminary results of these investi-
gations have been reported (42, 93). Timothy and collaborators
are continuing this work.
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1. SUMMARY

The conclusion of the last manned-Skylab mission markefi the end of
the "data take" mode of operation of the Skylab/ATM NASA-Marshall Space
Flight Center/The Aerospace Corporation X-Ray Telescope (S-056) and the
beginning of its "data reduction and analysis' mode of operation. The
§-056 X-Ray Telescope (X-RT) and its associated X-Ray Event Analyzer (X-REA)
were designed to study the morphology and physical properties of the X-ray
emitting regions of the lower solar corona during the manned-observing
phases of the Skylab mission. Some 27,000 filter-heliograms covering five
X-ray wavelength bands between 6-472 and one visible wavelength band
centered on the Ho¢ line were obtained by the X-RT with high-spatial (1 to
2 arc sec) and temporal resolution (= % sec). Also, some 1100 hours of
gpectral data were obtained with a time resolution of 2.5 séconds using
the X-REA's two proportional counter/pulse-height analyzer systems which
sorted the total sun's X-ray emission into ten narrow energy channels between
2-ZOX .

Concerted efforts in the reduction and analyses of these data are
now underway and include the determination of the temperature of the X-ray
emitting regions, using filter-ratio and channel-ratio techniques in con-
junction with theoretical programs; the computation of magnetic-fields,
using potential-field and constant-& force-free field theory, to determine
the resemblance of X-ray emitting structures with that of the photospheric

magnetic-field; the determination of emission measures (EM) and electron

121



densities (Ne), where EM =SN§ds; the correlation of X-ray data with XUV,
visble light (e.g., HX), and radio data; the morphology and evolution of
active regions, coronal holes, bright points, flares, loops, and other in-
teresting solar phenomena; and the study of solar-terrestrial relationships.
A key element in the analysis of the X-ray data is the MSFC Image Data
Processing System (IDAPS), originally conceived and designed for the analysis
of the S-056 data. IDAPS employs an IBM 360-65 computer for computation

and image manipulation, and Interdata 70 minicomputer with additional support-
ing hardware for user console control (i.e., input, display, instruction, etc.),
and a library of softﬁare user aids for performing a variety of image pro-
cessing or data manipulation tasks.

The immense cataloguing effort which has been continuing since the
spring of 1974 is now complete, with one exception, that being the deter-
mination of the exposure times for the Super Long (SL) mode of operation
frames which number several hundred. The general operations catalog (i.e.,
“ATM Mission OperationLog'"), after many inputs from ourselves, NOAA personnel,
and the other ATM experimenters, was published this summer by Ball Brothers
Research Corporation. Information regarding selected solar events, as well
as the experimént operations of all ATM instruments, is included in the
document,

During 1974 following the transfer of Mr. J. E. Milligan from NASA/MSFC
to NASA/GSFC where he assumed new duties which precluded his continuing as
the S-056 Principal Investigator (PI), the two factions of the S-056

Team-i.e., NASA's Marshall Space Flight Center and The Aerospace Corporation-
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decided that for the purposes of the data analysis effort a "Co-PI"
afrangement should be adopted. Thus, Dr. E. Tandberg-Hanssen became the
_SOSG/MSFC PI and Dr. J. H. Underwood became the SO56/Aerospace PI. A
memorandum of agreement or "protocol" was then documented to outline
the responsibility of each of the two groups for each other as well
.as for the total data analysis effort. Hence, Aerospace became re-
sponsible for securing acceptable photographic/densitometric.copies
of all black and white film loads, and MSFC for securing acceptabie
photographic/densitometric copies of the color film load, as well as
developing IDAPS. Both groups will jointly work together on securing
calibration data and in satisfying the S056 obligation to the NSSDC.
S056/MSFC efforts include, in addition to the aforementioned tasks
and investigations, performing a detailed analysis of the S056 point-
spread function and of the vignetting associated with the instrument;
performing a temperature profile analysis for the Skylab mission;
obtaining X-REA count data and channel-ratio plots for all observed
events; generating a detailed X-ray event list based on analysis of X-ray
filter-heliograms, X-REA data, and Hyg data; securing acceptable '"PAO-
type".photographs for distribution; studying the color film dye instability
problem; clarifying the hue vs. wavelength (A ) response curve of the color
film; and many others. The determination of the temperature profiles and
X-REA count data, as well as the sL exposure times, will come from an
analysis of the tapes and printouts which are being provided by MSFC's
Data Systems Laboratory. Additional remarks concerning the analysis of

the S056 data appears in the joint MSFC/Aerospace report entitled "ATM
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Experiment S056 Data Analysis Requirements - Revision A" (J. E. Milligan
and J. H. Underwood).

Although the data reduction/analysis phase has been in progress for
only a very short time, it is already apparent that the S056 data show the
solar corona to be a much more dynamic plasma than suspected prior to the
Skylab mission. As a result, a strong theoretical research program has
been initiated to support the S056 data analysis effort. Collaborations
with other ATM groups, as well as groundbased astronomy groups have proved

fruitful.

2. DIRECTION OF ANALYSIS
Following the establishment of Co-PIs, the S056/MSFC group subdivided
the complete data analysis and interpretation effort into two parts: An
initial data reduction phase and the long-term bona fide apalysis and inter-
pretation phase.

The data reduction phase has been and will continue to be performed

in close collaboration with the S056/Aerospace group. However, fér
practical reasons, the individual tasks or responsibilities of the two groups
were divided. SOSG)MSFC responsibilities included: (1) developing IDAPS;
(2) testing and copying the color flight film; (3) providing ;he experiment
operatioris catalog for all Skylab/ATM missions; (4) analyzing the engineering
parameters over the missions; (5) storing selected Skylab materials; (6)
determining the point-spread function of the telescope and the effects of

vignetting (due to the second step); and (7) analyzing the X-REA low-energy
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spill-over effect and other related problems. S-056/Aerospace responsi-
bilities included: (1) generating the calibration notebooks; (2) measuring
transmissivity of the X-ray filters; (3) performing additional calibration/
sensitometric studies of the flight films; (4) copying the black and white
film loads; (5) stripping the X-REA data tapes; (6) providing theoretical
curves for determining temperatures,electron densities, etc. from filter-
ratioing and channel-ratioing techniques; and (7) assisting in the analysis

of the X-REA related problems,

The analysis and interpretation phase has progressed and is continuing

to progress, to the extent. possible, in parallel with the data reduct;on
phase. All "first papers" and general presentations were jointly authored
by MSFC and Aerospace staffs. Initially, the two groups worked extremely
close together on specific scientiéic projects and in establishing approaches
(i.e., team leader roles) to various types of solar-related problems. How-
ever, with the development of the Co-Principal Investigator role, the two
groups began to work more independently of each other when it came to
writing or presenting papers on more specific topics. Close contact was
maintained between the two Co-PIs to keep each other informed and to coordi-
nate the overall data analysis program. Collaboration between the members
of the two groups has been encouraged and, indeed, joint studies involving
members from both groups have now materialized. Collaborations with outside
groups-both ATIM groups and groundbased groups as well-have also burgeoned.
The areas of endeavor (i.e., solar phenomena) that the S-056/MSFC
group has chosen to study in analyzing the S-056 data can be ranked

approximately in the following manner: Morphology and development of active
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region; flares; prominences; transients; large-scale structure; active
longitude studies; bright points; and coronal holes. Theoretical studies
involving MHD theory, radiative transfer, etc., have also been initiated.
In conjunction with these activities the S056/MSFC group also participated
in the ATM Follow-On Study (i.e., the AT Spacelab Facility Study) recently
conducted at NASA/MSFC, and in all ATM Data Analysis Meetings,as well

as the many scientific meetings (i.e., AAS, COSPAR, etc.) which occurred
throughout the year. We will also generate a scientific proposal for

the Coronal Hole Workshop which will occur late this year and during

next year.

3. STATUS OF CONTRACTS

Over the last year four contracts for supportive solar scientific
research and data analysis were let. These included contracts to The
Aerospace Corporation, National Oceanic and Atmospheric Administration
(NOAA), University of Alabama in Huntsville(UAH) and Teledyne-Brown
Engineering Company.

Although the techﬁical monitor for the Aerospace contract was
Mr. J. E. Milligan, then Principal Investigator of the S056 instrument,
the contract was let directly from the Program Office to provide more
official status to Dr. J. H. Underwood who then served as the Principal
Scientist of the experiment. Since the Aerospace effort grew considerably
in scope throughout the year, in particular the increased responsibility of
a Co-Principal Investigator, the progress performed under the Aerospace
Corporation contract has been reported directly from Dr. Underwood; hence,

it is not reported here.
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The NOAA effort was initiated in September 1974 and was performed
at NASA/MSFC with Dr. A. deLoach serving as the technical monitor and
Mr. R. Wilson as his alternate. Messrs., J. Smith (Physical Scientist)
and D, Speich (Physical Science Aide) were the cognizant NOAA persomnel
in residence at NASA/MSFC, Their activities were quite fruitful and
focused on: (1) the morphology of solar active regions-——-their structure
and development; (2) emerging flux regions and the early development of
solar active regions; (3) comparison of the observed lower coronal
structure with observed and computed magnetic fields; (4) comparison of
the lower coronal structure with chromospheric and photospheric mani-
festations of active regions; (5) the physical implications of structural
changes with activity; (6) the emergence of new magnetic fields within
mature active regions; (7) long-period evolution of solar active regions;
(8) the relationship between widely separated but closely-connected active
regions; and (9) X-ray manifestations of prominence/filament eruptions.
Many presentations were given at various scientific and data analysis
meetings and a number of papers have been submittted to the journals for
publication, or are in rough draft stages being prepared for submission
to the journals. Both Mr, Smith and Mr. Speich have undertaken consider-
able responsibility in the areas of film calibration, photographic re-
presentation and in the use of the MSFC Image Data Processing System (IDAPS).
The UAH efforts began somewhat late in the year and have been headed-up
by Dr. S. Wu. Their efforts include the development of theoretical models and

computational methods for the interpretation of various solar phenomena

127



observed with the S-056 instrument, Magnetic-field compﬁtations, using
the Schmidt potential-field program and the constantg{ force-free programs,
have been used on the Real-Time Solar Magnetograph data and Kitt Peak
National Observatory magnetograph data to determine field-line structure
between active regions on the Sun. These results have been compared to
the X-ray photographs of the S-056 instrument, and they have been presented
at various scientific meetings or submitted for publication in the literature.
Some analysis involviﬁg a one-dimensional, time-dependent, radical-flow
model has also been successfully applied to the X-ray data and reported in
the literature.

The Teledyne-Brown contract was initiated very late in the year,
but has proven to be quite fruitful. Dr. W. Henze was the cognizant
Teledyne-Brown scientist. His involvements have been to provide
theoretical models of the soft X-ray coronal emission which were applied
to the S-056 data to determine physical parameterg of the X-ray emitting
plésma on the Sun; e.g., temperatures, emission measures and electron
densities. He also began investigations into the theory of nonthermal
X-ray emission as related to flares and certain types-of active preminence
events. He also has made extensive use of the IDAPS and, in fact, has
contributed to its development.

In addition to the aforementioned contracts which are continuing
efforts throughout the scientific and data analysis phases of the S-056
Data Analysis Program, a fifth contract which represented the continuing

efforts to develop a unique interactive Image Data Processing System (IDAPS)
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was let to the Systems Development Corporation (SDC). Mr. C. Cooper
headed up the SDC effort. The SDC involvements were, and still are,

a continuing effort to develop image data processing capability at
NASA/MSFC for analyzing the S056 data. All hardware has been obtained
and integrated into the system, and work has continued throughout the
year on software routines for accomplishing its designed purpose.

Not only has the system proven its effectiveness for the analysis of
S056 data, but it has also allowed other users an additional dimension
in their analysis. These outside users included Drs. R. MacQueen and
A. Poland of the High Altitude Observatory S052 experiment, and many

others.

4. RESULTS OF SCIENTIFIC ANALYSES

Studies of active region structure, interconnecting loops, large-
scale loop structure and specific events have been initiated or completed
during the last year. The initial result papers were presented at various
scientific symposia and have been published in the open literature. The
X-ray data have been used to study the evolution of coronal magnetic
features and to obtain quantitative information about physical parameters,
such as temperature and electron density. These hopefully will yield a
better understanding 6f MHD properties of coronal plasmas. Comparisons
with other correlative data, such as Hg( , radio, XUV and green-line emission,

have also proven valuable.
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Considerable effort has been expended on the study of the 13-14
August 1973 loop, an X-ray feature which was visible for more than 50
hours and was of subflare brightness for an entire day. Our findings
have been reported by Vorpahl et al. [1] and Underwood et al. [2] , and
a more detailed paper is forthcoming (Tandberg-Hanssen et al. [3:]).

In addition, we have investigated the correlation of radio emission
with X-ray emission for the September 1973 time frame (Vorpahl et al. [1]
and Underwood et al. [2] ); magnetic-field "reconnection" (Vorpahl et al. [1]
Underwood et al. [2] » and Sheeley et al. [4]); X-ray manifestations of
eruptive prominences and their correlation with coronal transients (Smith
et al. [5] and Gosiing et al. [6] ); X-ray manifestations of surges (Smith
et al. [5] ); long-lived coronal X-ray emitting structures with life-times
of about one month (McGuire et al. LZ] ); oscillating bright points
(Underwood et al. [2:]); the structure and development of both emerging
flux regions and complex active regions (Underwood et al. [2:]and Smith
et al. [8:]); loop interconnection between widely separated active
regions (Underwood et al. [2:]); etc. Longer-term studies will undoubtedly

reveal a wealth of solar physics information.
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Summary Report of S-056 Data Analysis

Carried out at The Aerospace Corporation

The first data from the ATM S-056 x-ray telescope experiment on SKYLAB
became a\}ailable in July 1973, shortly after the splashdown of the first mission.
Prior to that time, scientists in the Space Physics Laboratory of The Aerospace
éorporation had been making preparations for the reduction and analysis of the
data (as well as providing support for the SKYLAB missions at JSC), and with
the receipt of the first data, began work on thé analysis prope.r, a task which has

continued ever since.

Instrument Description

The prirn.e instrument in the S;056 system was an x-ray telescope which
used a glancing incidence imaging element of Wolter's. type 1 to form an image
of the sun on a film in the focal plane. The glancing angle of incidence chosen
for the telescope (0.916° enabled it to function from a short-wavelength limit of
6 lon upward. Wavelength bands of interest in the range from 6 to 50 } were
isolated by five thin foils of metal located on a filter wheel directly in front of the
film blane. X-ray exposures through these filters could be taken in pre programmed
(automatic) or manual sequences, with the lengths of exposure determined on the
basis of the degree of solar activity at the time, and the particular scientific pro-
gram (JOP) in progress. The film was carried in a replaceable cassette in 1000
foot rolls. Five such rolls (four black;-and-white, c:'-ne color) were exposed during

the ATM mission, resulting in a total of 27, 000 solar x-ray exposures.

In addition to the x-ray telescope, the S-056 package contained a whole-sun

flux monitor consisting of two proportional counters to measure the solar x-ray
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flux in the ranges 2-8 R and 8-201. This instrument was intended primarily to
measure the flux from transient solar events such as flares, hence it was termed
the x-ray event analyser or X-REA. Data from the X-REA were telemetered to

the ground and recorded on magnetic tapes.

.Data Reduction aﬂd Analysis - Film

Before detailed analysis and interpretation of the film images could be started,
a certain amount of preparatory work had to be carried out. In particular, cali-
bration of the x-ray sensitive films (as well as the rest of the telescope system) had

to be completed and accurate copies, suitable for reproduction and microdensito-

metry had to be made.

Since t_he -un-supercoated SO-—212 black--ar.xd-white film is delicate and easily
damaged during handling, a decision was made to do most of the analysis, in-
cluding microdensitometry, on accurate second-generation copies of the originals.
Since the density of the originals ranged up to 4.0, copying presented a difficult
task. - Early attempts at copying made by the photo group at JSC resulted in infer-
‘ior copies, and in May 1974 the film was transferred to Aerc;space for copying.
An optical printer was modified to make continuous contact copies with no risk of
damaging the originals. Many film-developer combiné,ti'ons were tested until one.
was found which enabled the large dynamic range of the original to be reproduced.
It was found that 5235 film, when properly developed, exhibited an H-D curve with
a long straight-liﬁe region. Even so, it was found that two c'opies, with a high and
low exposure, were required to reproduce both bright and faint x-ray details on
the original. At the present time, copying is still being carried out to satisfy the

requirements of the MSFC group and the National Space Science Data Center. Also,
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third and subsequent generation copies are being produced as well as pictorial

material for- study and analysis, slides, Presentations, etc.

The program-for. calibfa.tion of the x.:ray telescope has involved the determina-
tion of the film sensitivity in the x-ray region as a function of wave-length, the
measurement of telescope efficiency and filter transmission, and the determination
of the instrument point spread function and geometrical parameters. This program
is complete in all e'except a few details to be resolved in the next few months by a
joint effort between The Aerospace Corporatioh and the Space Sciences Lab at

MSFG.

Accurate microdensitometry of the films is required in order to find the energy
ﬂu.x- from a pa-rticular solar region. By measur-ing the ratio of the energy deposited
on the film in two wavelength bands (corresponding to two different filters) it is
possible to obtain estimates of the temperature and density of the plasma within
such a region. . The procedure réquifes a knowledge of the solar x-ray spectrum
and its variation with temperature. Since observations of the solar x-ray spectrum
‘with sufficient spatial and spectral reéolution were not made during the period of
the SKYLAB mission, we must rely on theoretical calculations of the spectra. A
pr;gram to ca.rry out such calculations has been developed at Aerospace over the
last several years, for application to the S;-056 data and to other space x-ray data.
This program includes all processes which are known to affect the x-ray emission
from a high temperature plasma, and uses the most up-to-dalte values of abun-dances

and of atomic parameters. The first apj:l,ications of the results of these calculations

to the S-056 x-ray data have yielded interesting and encouraging results.
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Data Reduction and Analysis - X-REA

A considerable amount of effort had to be devoted to the reading of the X~-REA
tapes on the computer because of unforseen pro.blems (e.g. parity errors) with
these tapes and the data they contained. All tapes have now been read and the
X-REA data displayed on plots, averaged for one minute, each plot covering a
period of 6 hours. A program for recovering the detailed time profile of the
X-REA signal for special events such as flares has just Seen completed. Also,
the results of the x-ray spectral program, mentioned in the previous section,
have been applied to the X-REA, so that it is possible to determine the physical

parameters inside coronal regions which produce x-ray transient events.

The X-REA analysis is complicated by some é.nomalies in the operation of
the proportional counters. The counters suffered adecrease in gain over the
- period of the 3 SKYLAB missions. Also, an anomalously high count rate in the
lower channels of the two counters renders the data from these channels suspect.
The personnel of The Aerospace Corpofation Space Physics Laboratory- and the

MSFC Space Science Laboratory are jointly pursuing a solution to these problems.

Data Interpretation and Scientific Results

The x-ray images and the 'X;-REA data have been studied intensively since
they first became availa.ble_. and a .number of resuits of importance to solar coronal
Physics have been obtaiﬁed. These results have been presented at mee.tings and
symposia over the past. two years, and some have aiso appea.red in scientific pub-
licaﬁoﬂs. A publications and presentations list is attached herewith. Some of

the more important findings are summarized below:
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Flares

The images of almost 200 flares, subflares and flarelike transient brightenings
were recorded by the x-ray.'telescope. 132 of these were studies in detail to deter-
mine the characteristic structure and evol ution of the x-ray emitting portion of a
flare. The data indicated that the soft x-rays came primarily from an intense,
well-defined core surroundea by a region of fainter, more diffuse emission. Loop
structures were found to.be a fuﬁdamental characteristic of flare cores and arcades
of loops were found to play a more important role in the flare phenomenon than |
had pre'vioﬁsly bee:n thought. The size distribution of flare x-ray loops was deter-
mined and a classification scheme describing the brightest features was developed.
An analysis of flare eovlution provided evidence for preliminary heating and energy
release prior to the main phase of the flare. A detailed study of the £_lare of 5
Sepfember 1973 with g sec time resolution allowed the site of the initial energy
release to be located and also provided detailed information about the evolution
of the flare itself. . The observations showed.that the flare occurred in an arcade
of loops rather than any single loop. The sequential b_fightening of the features
indicated tflé.t some excitation mechanism moved perpendicular to the magnetic
field of tﬁe arcade at 180 - 280 km/sec. A magnetosonic wave was suggested as
a mechanism by which the disturbance may have been propagated. Study of these
events continue_s, with emphasis on the determination of the physical parameters
(temperature and density) in the flaring region. A number of unusual transient
events have been observed in the film images. An event lasting more than 24 hours,
w1-th a rise time of several hours was observed on August 13-14 1973. This type of
event is rare in the data but seems to be exemplary of 'a "slow flare' in which the

usual flare processes take place over a much longer time. At the other end of the
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time scale, small rapid brightenings are frequently seen, often at the feet of
large loops or magnetié arcades. One case of bright points-at opposite ends of a
loop oscillating in brightness in anti-phase has been observed. These fluctuations

are believed to be due to hydromagnetic wa\}es propagating along the loops.

In another instance, a coronal structure was observed from a short spike
into a complete arch-like structure within an 8 minute period. Such phenomena
have not been observed in visible coronal emissions, so that their discovery in

the x-ray data provides a new insight into coronal transient processes.

Active Regions

As thé x-ray emission from the corona is not masked by light from the
photosphere, it is possible with the x-ray photographs to observe thé structure
of the corona over active regio.ns which are on the disc. Furthermore, itis
possible to study the development of such regions as they I;ass across the disc,
and .to correlate such developmént with that of the associated photospheric
magnetic field structure. We have carried out such studies for selecteci active
regions, comparing tﬁe morphology of the coronal structures with the coronal
field compu_ted fror.n line-of-sight magnetograph measurements. Both potential
and force-free approximations were used for the field calculations. In general,
the observed coronal x-ray structure, which usually consists of loops and arches,
'frequeﬁtly arranged into arcades, corresponds well to the potential field expected
from the photospheric magnetic field, but in a few cases the force-free approximation
gives better corresp;ondence. . The lifetime of the individual components of the
active region structure is of the same order of magnitude as that of the underlying

field. Coronal reconnection between rapidly developing regions, such as emerging
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fiux regions, has been observed.

Temperature determinations, by the method outlined in a previous section,
have been made for a number of active regions, resulting in temperatures
between 3 and 6 million degrees. The results of these determinations are
being applied to a determination of the energy balance of hot coronal con-
densations. As in the case of the flares and transients, a number of unusuél
phenomena have been noted in the study of active regions. The sharp interface
between the hot dense parts of some active regions and neighbdring small
coronal holes is particularly interesting as is the association of these features

with prominences.

Quiet Sun

Good observations of coronal holes were obtained on the first and second
SKYLAB missions, n-1aking a study of the evolution of these features possible.
The growth of a hole near its intéerfa.ce with an active region is particularly
interesting, as it reflects the interaction of the hole magnetic field with that
of the active region. During June 1973, a particularly striking example of
such an interaction occurred, and this event is being studied intensively.

_ Other large scale features of the solar corona which may be seen in the
:-:-ray pﬁotographs include rays, streamers, and large loops. The loops have
been shown to be responsible for sympathetic radio and soft x~ray bursts.
Apparently the bursts are triggered by streams of particles which travel
along the loops. The magnetohydrodynamics of such structures, aé well as
the other features which occur frequently in the x-ray photographs, are under

theoretical study at Aerospace.
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Introduction

In the year-and-a-half since the splashdown of SL/4 a great deal
has been accomplished with the S082 data. Returning from JSC,
starting-up analysis, assessingthe impactof ATM on NASA programs,
such as Shuttle, and public relations have required much time. Never-
. theless, I am well pleased with the progress we have made. The
growing list of publications and talks speaks for itself.

Of greatest importance are the new results on solar flares. The
unsurpassed spatial and spectral resolution of the NRL XUV results
has providedcriticalviews of flare structure neverbefore seen. Mono-
chromatic flare images and flare spectra were photographed in emis-
sions of temperature ranging from the low chromosphere up to twenty
million degrees where the flare energy is first released. Details in
the structures as small as 1500 km, and velocities from a few tens
to 1000 km/sec, can be separated and followed from one temperature
region to another. A new picture of the solar flare and understanding
of the dynamic physical processes which control it are emerging.

We have also recorded for the first time eruptive prominences,
not simply in the relatively cool chromosphere, but also in regions
of higher temperature, even into the corona. These spectacular erup-
tions vary widely in form and type; their connection with flares, x-ray
events, and terrestrial effects were well observed, but are as yet far
from explained. :

Among new or more fully recognized phenomena are the XUV bright
points, the XUV polar plumes, the macrospicules, and the 'coronal"
holes which NRL's results show extend far below the corona and are
accompanied by a thickened, bright solar limb. Precise intensity
calibration is progressing well. The first synoptic observations of the
uppermost part of the ozone layer were made. :

These highlights of our analysis to June 30, 1975 provide a glimpse
into the enormous wealth of new information that lies before us as
a challenge. From today's perspective, the magnitude of the task
as described in our original proposal was underestimated, perhaps
by as much as a factor of two. I would now judge that at the end
of five years we shall have analyzed only about half of what we have.
And the most important phase is yet to come - collaboration by the
ATM investigators with each other, and with ground-based observers.
Only after several years will we really be able toundertake the final
task of interpretation. '

The implication is that adequate, on-going funding will be needed
to carry the analysis of ATM data through interpretation. The in-
creased consideration that NASA has been giving the support of data
reduction is encouraging, but if the great promise to solar physics
contained in the ATM data is to be realized, it is essential to plan for
a long-range and thorough program of data analysis and interpretation.

R. Tousey
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1. Flares

' S082A Images

Monochromatic XUV flare images, unique in character, have
clearly and unambiguously revealed for the first time the location
of the high-temperature flare relative to the magnetic field structure
~and the chromospheric ribbons. With a spatial resolution approaching
1500 km, the structural JLcomponents in flares, ranging in temperature
from 20,000 to 20 x 10° °K, their velocities, physical relationships
and parallel development in time, have been determined.

The basic magnetic field configuration has been found to be a low-
altitude (4,000 to 13,000 km) arch in a bipolar magnetic field region.
The hot flare plasma, heated to temperatures in the range of 10 to =
20 x 10° °K has been located near the top of the arch, lying between
volumes of cooler plasma near the feet of the arch, which form the
"flare ribbons.' It has been inferred from this thermal stratification
along the arch, that the primary energy release in a flare is cospatial
with the high temperature region (Fe XXIII and XXIV emission), and
that energy is transferred downward along the legs of the arch by
conduction or fast particles. '

S082B Line Spectra

Broademng of profiles, Doppler shifts and asymmetnes, especially
of lines formed in the transition region 100, 000 to 300, 000 °K, have been
found, prior to flares and lasting well into the post-maximum phase,

The corresponding disturbances and mass motions have been found,
on simultaneous S082A spectroheliograms, to be confined to small areas
which may be the footpoints of the flare arch.

Dens1ty and Temperature

The volumes of Fe XXIII and XXIV flare images have been measured
and, typically, electron densities of about 10**cm ™2 have been derived.
In small br1ght gores, the density has been found to be significantly higher,
about 10*® cm ,depending on the estimate used for the lower limit of
their size.

During the flash phase, temperatures in the range of 20 to 60 x 10° °K
have been determined from Doppler broadening of the cores.

Flare-Like Events

Gradual Rise-and-Fall (GRF) Events

Although generally similar to flares, GRF X-ray and microwave
events are of longer duration, have lower peak temperatures (~6 million
degrees), and show only weak chromospheric brightenings in He and He II.
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In collaboration with other ATM groups, a study has been made
of corresponding observations during GRF events. They have been found
to be the manifestation of an event where a coronal transient accompanies
the heating of a bright X-ray em1tt1ng structure, which later tends to
resolve into classic "post-flare loops' as it cools. '

" Other Flare-Like Events

One hundred events have been found in the S082A and S082B
data which show flare-like properties but are not associated with con-
spicuous enhancements in the 1-8 A X-ray flux.

In S082A spectroheliograms, the cores of these events are
compact, very bright, and visible in many lines similar to flares, in-
cluding, at times, some high temperature lines. In S082B spectra,
lines are intense, broadened, and may show asymmetry, indicating
some kind of mass streaming.

Dynamical effects, rather than heating, appear to be indicated.

Theoretical and Numerical Models

A new flare model has been developed, and the properties of
a magnetic arch under a variety of magnetic and current configurations
(including force-free) have been theoretically investigated for both the
static and flaring state.

The temporal and spatial spread of conductive energy from the
top of the arch has been numerically modelled, and various diagnostic
parameters, such as line radiation, bremsstrahlung, and emission measure,
have been predicted for comparison with S082A and S082B flare observa-
tions. :

2. Eruptive Prominences

Eleven EPL's were observed by S082A during the mission. The number
observed is surprisingly great, and several have received wide publicity
because of their spectacular character. In ten, mass ejection events
were also observed by S052 and, in about half, gradual rise-and-fall
events were recorded in X-rays (SOLRAD) and 2800 MHz radio.

There is great diversity both in the character of the EPL's and their
relation to flares. The two extreme types are: the slow but tremendous
eruption of one of the largest prominences of a decade, observed in
He I, II, and OV, on December 19, 1973; and, on January 17, 1974,
the most energetic of all, and the only one recorded in coronal lines of
temperatures up to 3.5 x 10° ° K (Fe XVI).

The study of all these events is in the phenomenological stage,

where correlations with the white light corona, X-rays, and ground-
based observations are still being made. Each event is so different
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and exhibits such a wealth of detail that it is a separate project in
itself. After photographic calibration is completed, the quantitative
determination of the spatial distribution of densities and temperatures
will be commenced.

3. Active Regions and Magnetic Fields

The high-resolution S082A spectra have enabled us to make detailed
and extensive comparisons between high-temperature images and mag-
netograms, from which the extension of photospheric magnetic fields
up into the corona has been determined.

The coronal field structure around active regions has been recon-
structed by combining 1mages in spectral lines emitted by 1ons formed
at different temperatures, in part1cu1ar, FeXV (~ 2.5 x 108 ° K),

Mg IX (~10® °K) and Ne VII ( ~0.5 x 10 ° K). Each ion has been found
to trace out most vividly that part of the structure crossing the region
of the corona within its temperature range, the whole comprising a
pattern of loops of emission whose tops arch across neutral lines, and
whose feet terminate in regions of oppos1te magnetic polarity. The
tops of the loops are most apparent in the high temperature line of

Fe XV, the feet and lower legs are most apparent in the relatively

low temperature line of Ne VII, and Mg IX appears strongest along

the loops between these extremes. A diffuse sheath, seen in the hotter
lines appears to envelop a more slender core, seen in the cooler lines.

Although the corona is a highly conducting plasma, the resulting
field structures have been found to resemble closely the forms expected
from magnetic potential fields, whose sources are current loops at
or below the photosphere, interacting and reconnecting in a vacuum.
"The coronal fields appear to respond to motion of their footpoints with
readjustments toward a simple, lowest-energy state.

Coronal structures have, however, been found which are distorted
from the form outlining a potential field. Numerous cases have been
found where such distorted structures have been replaced by the coronal
loops of potential fields, following the eruption of an associated promi-
nence. These results suggest that the distortions were due to the weight
of the prominence material on supporting field lines., A coronal transient
and a gradual rise-and-fall of X-ray flux have been found frequently to
accompany such events, suggesting that the excess magnetic field energy
is expended in heating, as well as accelerating material.

4, The Quiet Sun

Chromospheric Network

From S082A spectroheliograms, the XUV emission from ions
formed under 10 € °K has been found to be concentrated along the
supergranulation boundaries, which are also the location of chromo-
spheric spicules. (Just how spicules are related to this emission
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is not clear; the resolution ( =2 arc sec) is not really sufficient to dis-
count the model where spicules are surrounded by a thin transition
layer, in favor of, for example, a cloud-like distribution of the emission
around the spicules). '

An abrupt change in appearance has been found, in lines formed
above 108 °K (e.g., Mg IX 368 A), from a relatively well-ordered
chromospheric network to a diffuse cloud-like pattern in which the large
scale network is barely recognizable. This dramatic change indicates
that the magnetic fields concentrated in the chromospheric network
boundaries experience an abrupt spreading as they enter the low corona,
which supports the model which was proposed some years ago.

Coronal Holes

A phenomenological study of the large scale evolution and struc-
ture of the holes is in progress. The boundaries of all the holes for
the entire manned portion of Skylab have been measured from the He II
304 A synoptic images. These data have been plotted by computer on
both Mercator and polar-view formats, and large scale versions of
the maps themselves will be published as a NOAA UAG report. A re-
sult is that coronal holes have been found to occur in large unipolar
magnetic regions, confirming the "open field" model of their forma-
tion. The question now is why all large unipolar regions don't become
coronal holes.

A collaboration with U, California radio observers has resulted
in the conclusion that coronal holes at high solar latitudes correlate
well with the source of high-speed streams in the solar wind at high
latitudes as inferred from radio scintillation observations.

Polar Plumes

A detailed study of polar plumes is in progress. The spectral
identifications are finished, with 42 XUV lines observed and identified;
of these, new solar identifications for Al VIII and IX, and Na VIII have
been found. These monochromatic plume images show a temperature
for plumes of 0.7 to 1.1x 10 °K, which corroborates the value found
from eclipse studies. The next step is to derive coronal abundances
for the ions Ne, Mg, Si, Na, Ca, Al and Fe. A preliminary density
distribution derived for the XUV plumes is in identical agreement with
that for white light plumes.

Solar Poles

A preliminary study of the phenomena at the solar poles in general
has been completed. The apparently anomalous broadening of the Ne VII
465 A 1imb and the extended appearance of Mg IX polar plumes was
shown to be a direct consequence of a_lower transition zone temperature
gradient an isothermal corona at ~ 100 °K over the polar coronal
hole.
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Macrospicules

A phenomenological study of He II 304 A macrospicules has been
finished. It was shown that they are a new solar feature, unique to
coronal holes, and of sizes and dynamics greatly exceeding the well-
known Ha spicules. A comparison has been made of the macrospicules
observed in He II 304 A images around the solar poles with He spicules
observed simultaneously. No correlation could be found.

Bright Points

Two kinds of bright points have been found. Monopolar bright
points, or emission features, correspond to bright segments of the
chromospheric network where the unipolar magnetic field is signifi-
cantly higher than average. These monopolar bright points are ob-
served in the transition region line Ne VII 465 A but are not visible
in the hotter coronal lines such as Fe XV, Bipolar bright points
appear to be loops _connecting the poles of the bipolar magnetic fields
observed on magnetograms, and are associated with the X-ray bright
points seen on ATM X-ray pictures. They are bright in the hot lines
such as Fe XV, but lessen in intensity through the transition region
lines.

5. Line Identifications

The S082A and S082B data have led to the new identification of a
number of high-temperature flare lines, as well as to quiet-sun lines
such as the Si lines below 1700 A. These lines are precision diagnostic
tools for determining temperatures, densities, abundances and velocities,
and for testing the degree of departure from ionization equilibrium
in the varying plasma conditions of solar features. They have extended
our ability to determine temperatures up to about 30 x if K. They
have provided information about ionization equilibrium at the site
of the energy release over the life-time of a flare.

Fourteen flare lines have been analyzed, Along the lithium iso-
-electronic sequence, the intensity-histories of the doublet (2s® S -
2p 2P) lines of Ar XVI, K XVII, Ca XVIII and Fe XXIV in the S082A _
data, have confirmed their previous identification, and improved wave-
lengths have been determined. Along the beryllium iso-electronic
sequence, new (2515 - 2s2p ® P/) lines of Ar XV, Ca XVII, Cr XXI,
Mn XXII, Fe XXIII and Ni XXV have been observed and classified.
Of these, the Fe XXIII line at 263.7 A is the strongest. Its classifi-
cation established the relative energy of the single and triplet systems
for the first time. In the S082B data, new forbidden lines of Fe XVIII,
Fe XIV, and Fe XXI have been identified. From the profiles of Fe XIX
and Fe XXI lines, analysis of Doppler and temperature broadening
has indicated that ionization equilibrium was established during the
cooling phase of the flare of June 15, 1973. Ionization equilibrium
during the heating phase has not yet been determined.
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At least six high-temperature flare lines identical in appearance
to Fe XXIII and Fe XXIV remain to be identified in the S082A data.

The relative intensities of these flare lines can be used, for
example, to obtain solar abundances of rarely-studied elements. The
problem of the discrepancy in the relative abundance of Argon and
" Calcium in the solar corona, as determined from observations of X-ray
resonance lines of Ar XVII and Ca XIX near 3 A, and forbidden lines
of Ar X, Ar XIV, Ca XII, Ca XIII and Ca XV in the visible, is open
to review with our new identification of Argon and Calcium lines in
the XUV spectrum. . - .

6. Limb Spectra

Spectra, taken by S082B at various limbh positions, above an
active region, a quiet region and a polar coronal hole, have been
compared. A number of lines, emitted by ions formed in the transition
zone at temperatures between 36,000 and 220, 000°K have been selected
from the wavelength range 1100-2000 A. Their intensities, as well as
the widths and profiles of those that are optically thin, have been
measured, and limb brightening curves generated.

These lines have been found to rise in intensity abruptly, and peak
between +2'"" and +4" above the limb. In general, emission from above
the quiet region is more intense than from above the coronal hole
for heights below +6" . Above +8" the situation is reversed, and
substantial emission occurs out to, and beyond +12™ above the coronal
hole. '

Ratios of emission, in various lines, to that in the resonance lines
of N V have been compared at different heights. A systematic decrease
of these ratios with height has been found, less noticeable above a
coronal hole until beyond +8'" . The rate of decrease is more pro-
nounced for lower temperature lines, and this effect is most noticeable
above the coronal hole.

These results are now being compared to theoretical predictions of
coronal heating models.

7. Atmospheric Extinction

Solar spectra were taken through varying pathlengths of the earth's
atmosphere by the calibration rockets and S082B. The SKYBET tapes
required for accurate determination of pathlengths for the S082B data
have been recently received. Three principal results have been obtained
so far: the first synoptic measurements of the ozone layer in the
altitude region 65 to 85 km; an improved density profile for molecular
oxygen in the altitude region from 75 to 120 km, showing a higher
density below 90 km, and a lower density above 95 km than previous
models; many lines of the molecular oxygen Schumann-Runge bands
between 1750 and 2000 A have been resolved for the first time in the
earth's atmosphere.
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8. Calibration

S082A

From microphotometry of spectra of the National Bureau of Stan-
dards Synchrotron, taken before and after flight with the calibration
rocket A instrument, the relationship between film densities and absolute
intensities has been derived. To determine the contribution of higher-
order spectra overlying the longer wavelengths, due to the relatively high
intensity of the synchrotron and the transmission of the aluminum filter
at short wavelengths, the reflectance of the grating has been remeasured.

The transfer of absolute calibration to S082A, by comparison
of the microphotometry of the calibration rocket images and S082A
images taken almost simultaneously, is nearly completed for SL/4.
Calibration for SL/2 and SL/3 will then be carried out.

A study is underway to compare the sensitivity of S082A
at several points in the m1ssmn, usmg the He IT 304 A images, and
the quiet network as a ''constant' source, to extend the absolute
calibration to the entire mission.

S082B

The relationship between absolute intensity and film densities
at various wavelengths has been derived for all three calibration rocket
B instruments, - using spectra taken of an absolutely calibrated deu-
terium lamp and a nitrogen lamp before and after flight. The recently
perfected Argon continuum standard, developed at the National Bureau
of Standards, is being used to extend the absolute calibration over the
wavelength range 1250 to 1700 A.

The transfer of this absolute calibration to S082B, by comparison
of solar spectra taken by the rockets and S082B almost simultaneously
has been carried out for several wavelengths.

Comparison of the sensitivity of S082B, using "'slew calibra-
tion" spectra taken at many points throughout Skylab at a number of
wavelengths is nearly completed It has been found that the film
characteristics for the three missions are d1fferent, and the use of
all three calibration rockets together with the ''slew' calibration has
been needed to extend the absolute calibration to the entire mission.

9, Comet Kohoutek

The Comet Kohoutek Ly a observations were reduced and analyzed,
in collaboration with Uwe Keller. The line width was found to be
compatible with the theoretical outflow velocity for hydrogen from
a comet nucleus.
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10. Ionization Equilibrium Functions

An improvement has been made in calculations used to interpret

XUV spectra, to include the effects of the surrounding plasma on the
. dielectronic recombination process. lonization equilibrium calculations,

as a function of the local plasma temperature and density, have been
carried out for the ions of Ne, Na, Mg, Al, Si, Ca and Fe, taking
into account collisional ionization (both direct and via excitation of
autoionizing levels), collisional recombination, radiative recombina-
tion, and dielectronic recombination. Radiative excitation and ioniza-
tion processes have been neglected. Gaunt factors, electron impact
excitation cross sections, and rate coefficients, for allowed and
forbidden transitions of high ionization stages of Fe, Ne, Mg, Al,
Ca, Si and Ni have also been calculated, in the distorted wave approxi-
mation. (Also available, with the aid of a minor calculation, are the
radiative life times and oscillator strengths for the spectral lines
of interest.)

Except in the case of Fe, where dielectronic recombination accounts
for as much as 20% of the total radiative energy loss rate, good agree-
ment has been found between the preliminary results and previously
published work. A theory has been developed to incorporate the effects
of long-range electric fields from collective plasma modes excited
by non-thermal effects, which can be dominant over local thermal
fields. This modification, as well as a more detailed specification
of the atomic structure , which takes into account the LS-coupling,
or fine-structure, of the ions for selected transitions (within the frame-
work of the central field approximation) is being included in the calcula-
tion of both the dielectronic recombination and radiative recombination
coefficients.

11. Laser Studies

In the rapidly changing conditions of solar flare plasmas, ionization
equilibrium is not always valid. Laser spectroscopy has been under-
taken to help identify new high-temperature solar lines, and to test
experimentally the large body of atomic theory available to calculate
physical parameters, such as electron density and temperature, under
transient conditions.

Taking advantage of high-power lasers here at NRL, very high
intensity light pulses have been focused onto appropriate targets,
and the emission from the resulting high-temperature plasma has been
measured and compared with non-equilibrium theory. X-ray line
spectra, grazing-incidence XUV slit spectra, XUV spectral images
(similar to those obtained from S082B), and normal incidence UV slit
spectra covering the wavelength range from 2 to 2000 A, have been
acquired from very short-lived (~0'° sec) plasmas with relatively
simple dynamic geometry.
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The results have been tested against the theory, and modifications
to the theory are being explored. This new understanding will be applied
to calculations for the rapidly-changing high-temperature plasmas
on the sun.

12. Atlas

XUV Monitor

An atlas of XUV monitor images from TV downlinks is in final
review. The atlas includes a daily half-second integration image
to show brighter features, and a two-second integration image to show
coronal holes and fainter features on the disc,

S082A

A card file on S082A plates, listing some twelve categories of
phenomena, has been completed, to be used in collaborations as well
as in our own studies. This effort led to issuing an interim listing
of plasma ejection events and solar flares observed by S082A to the
other ATM groups. These lists will be expanded.

13. Engineering Data Books

The Engineering data books have been received for S082A for all
missions, and S082B for SL/3 and SL/4, with the SL/2 volume in
press.

14. Photographic Support

Special photographic techniques have been developed to reproduce,
in forms best suited for scientific interpretation, the large amount of
information stored on the NRL film. These prints have often reduced
the amount of densitometry needed in preliminary analys1s. Advances
are continuing in these techniques.

The approach for high-fidelity reproduction of the flight film has
been established. NRL will undertake printing of slightly-less-than
2X enlargements on rolls of 70 mm film. NSSDC will carr X out the
processing, and generate all copy negatives for users. Users
Guide', or reference manual of pertinent data will be supphed by NRL,

15. Densitometer Support

The NRL densitometer is in use full-time for all critical measure
ments of spectral lines and images in the quantitative analysis of the
S082A and S082B data.
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16. Computer Support

With some support from GSFC, sufficient computer time has general-
ly been available.

17. Image Enhancement

Two possibilities for enhancing S082A images have been identified:
the subtraction of overlapping images, and the focusing of lower reso-
lution images far from the grating normal. A number of images have
already been digitized. Image processing and enhancement is being
explored with facilities at NRL and also -with the IDAPS at MSFC.
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